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SUMMARY 
Corrosive e f fec ts  of high puri ty  commercial carbon monoxide on 
A I S I  Type 304 s ta in less  s teel ,  commercially pure nickel and Inconel were 
studied a t  temperatures of 920 t o  1100" F. The experimental metal speci- 
mens were i n  the form of small annealed wires which were 0.008 o r  0.010 
inches i n  diameter. 
A l l  experiments were made a t  essent ial ly  atmospheric pressure. 
The metal specimens were exposed t o  carbon monoxide f o r  various times 
ranging from 4 t o  120 hours, although most of the exposure times were 
16 hours. 
Type 304 s ta in less  s t e e l  was found t o  be the most reactive metal 
of the three types studied. The reac t iv i ty  of Type 304 s ta in less  s t e e l  
with carbon monoxide wa6 about an order of magnitude greater  than tha t  
of nickel and Inconel f o r  the temperature range studied. Reactivity f o r  
the three d i f fe rent  types of metals tended t o  increase with temperature. 
This trend was par t icu lar ly  noticeable i n  the case of Type 304 s ta in less  
s t e e l  a t  temperatures greater  than about 1020° F. The most d i r ec t  measure 
of reac t iv i ty  of the various experimental metal specimens was weight in- 
creases due t o  carbonaceous surface deposits. These surface deposits had 
a high graphitic carbon content. 
Analytical work was done which employed chemical, x-ray diffraction, 
x-ray fluorescence, electron micro-probe, microscopic and metallurgical 
techniques. Attempts to  define the chemical species involved i n  the cor- 
rosion process resulted i n  indefini te  conclusions. 
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Most of the experimental work was done on AISI Type 304 stainless 
steel wires, since Type 304 steel was the most reactive metal studied. 
Ekidence was found that the attack of carbon monoxide on Type 304 stain- 
less steel at temperatures near 1000' F. was, at least in part, inter- 
granular in localized areas. The carbonaceous surface deposits on the 
stainless steel wires contained measurable amounts of iron and nickel and 
a small amount of chromium. X-ray fluorescence analysis of the exposed 
wire surfaces showed that the chromium was retained in the main body of 
the wires. This supported the analysis of the carbonaceous surface de- 
posits which showed low concentrations of chromium relative to iron and 
nickel. The carbonaceous deposits were ferro-mgnetic even though they 
contained high concentrations of graphitic carbon which were likely 
physically attached to the metallic components. X-ray diffraction analy- 
sis showed that the experimentally produced carbonaceous surface deposits 
were very similar to deposits on a specimen of Inconel which had been 
attacked by gases containing carbon monoxide in industrial service. 
Three different corrosion mechanisms were considered possible. 
These involved formation of an unstable, gas phase, metallic intermediate 
reaction product, formation of an unstable, solid phase, metallic inter- 
mediate reaction product and mechanical wastage of metal by intergranular 
carbon deposition. Experimental results suggested that formation of an 
unstable, gas phase, metallic reaction product was the most likely of the 
three possibilities. Experimental results did not, however, entirely ex- 
clude the possibility of formation of unstable, solid phase, metallic 




Gases containing carbon monoxide destructively affect particular 
metals of relatively high porosity. ,This fact has been known for many 
years. Destructive action of carbon monoxide on such materials as cast 
iron and similar materials containing iron, nickel, or their oxides was 
indicated by research done more than a generation ago. The destructive 
effects were shown to be very pronounced at moderately elevated tempera- 
tures, such as near 1000' F. The destruction manifested itself in loss 
of mechanical strength and ultimate disintegration of the metallic 
materials. Appreciable quantities of graphitic carbon was formed, in 
general, in the deleteriously affected areas. Early research workers 
postulated that the destructive effects of carbon monoxide on cast iron 
resulted from carbon deposition in the pores of the metal. These deposi- 
tions were postulated to have generated sufficient mechanical pressures 
to fracture the metallic material. The carbon formations resulted from 
carbon monoxide decomposition which was catalyzed by materials such as 
iron, nickel and their oxides. 
Recent industrial experience has shown that dense metals, such as 
alloy steels and similar materials, have also been deleteriously affected 
by gases containing carbon monoxide. This destructive action appeared to 
be similar to that observed on cast iron but, apparently, required longer 
times for appreciable destruction. 
The research work to be presented here was undertaken with the 
purpose of shedding more light on the mechanism of the destruction 
discussed above. In particular, the mechanism of destructive effects 
of carbon monoxide on nickel containing materials was of concern. An 
experimental program was conducted in which nickel, Inconel, and AISI 
Ty-pe 304 stainless steel wires were exposed to carbon monoxide at 
temperatures near 1000° F. The results of the experimental work were 
inconclusive in defining the mechanism of the destructive effects of 
carbon monoxide on the experimental wire specimens. However, the 
results indicated that the stainless steel wires, in particular, were 
deleteriously affected by carbon monoxide. Further, the results 
suggested that the mechanism of destruction was likely to have involved 
formation of an unstable, gas phase, metallic intermediate reaction 
product. However, the possibility of formation of an unstable, solid 
phase, intermediate product could not be excluded. Also, metal wastage, 
by mechanical forces due to carbonaceous deposition in metal grain 
boundary regions, could not be excluded by experimental findings. 
Chapter I1 presents a review of reactions of carbon monoxide with 
iron, nickel and chromium to form known carbides and carbonyls of the 
metals. This is given in the interest of presenting some properties of 
potential unstable intermediate reaction products. Chapter I11 reviews 
literature on some related research and industrial experience. Ex-peri- 
mental apparatus, procedures and results are presented in Chapter IV. 
Analysis of experimental results, conclusions and suggestions for 
further research are given in Chapter V. 
CHAPTER I1 
REACTIONS INVOLVING CARBON MONOXIDE WITH IRON, NICmL, AND CHROMIUM 
AT TENPEBATURES NEAR 1000 " FAHREXHEIT 
Iron and nickel are known to be active catalysts for the decompo- 
sition of carbon monoxide to form carbon and carbon dioxide at temperatures 
in the vicinity of 1000" F. This fact has been known for many years. Ex- 
perience and research findings have, however, indicated that the chemical 
processes which take place in systems involving carbon monoxide and these 
metals are quite complicated. Formation of metallic reaction products 
and unstable intermediate products, such as metallic carbides, etc . , is 
possible. The following discussion is directed towards presenting informa- 
tion concerning some of the possible reactions of carbon monoxide with 
iron, nickel and chromium at temperatures near 1000" F. 
Generally, one intuitively considers the feasibility of formation 
of metal carbonyls and carbides when dealing with systems involving 
carbon monoxide and iron or nickel. The carbonyl possibility arises 
from direct reaction of the metals with carbon monoxide. For example, 
the more common carbonyls of iron and nickel are F~(CO) and ~ i ( ~ 0 ) ~ .  
5 
At moderately low temperatures, circa 100-200" C., these carbonyls can 
be formed by direct reaction with carbon monoxide and the metals. 
Chemical equations which describe these reactions are: 
These carbonyls a r e  l i qu id  (bo i l ing  points-  ~ e ( ~ 0 ) ~ :  103" C., N ~ ( c o ) ~ :  
43' c . ) ,  but  they a r e  gaseous at  low pressures,  and moderate tempera- 
tu res .  Chromium a l s o  forms a carbonyl under very high pressures. 
Ephriam (1) s t a t e s  t h a t  C ~ ( C O ) ~  i s  known t o  e x i s t  but  it i s  not e a s i l y  
formed. Further, he s t a t e s  t h a t  of a l l  the  meta l l ic  carbonyls, only 
those of i ron  and n icke l  can be formed at atmospheric pressure. Pres- 
sures  of the  order of hundreds of atmospheres a r e  required f o r  appreci- 
ab le  formation of ~r (CO) 6 .  
As s t a t ed  e a r l i e r ,  i ron  and n icke l  a r e  known t o  be ac t ive  ca t a ly s t s  
f o r  the  react ion 2 CO 
(9) = 7 s )  + co 2(g)* The formation of carbon 
immediately suggests the  p o s s i b i l i t y  of carbide formations. Further, 
experimentation has shown t h a t  carbides of iron,  n icke l  and chromium 
can be formed by react ion with carbon monoxide. However, the  carbides 
of i ron  and nickel ,  i n  pa r t i cu la r ,  a r e  known t o  be meta-stable and can 
be read i ly  decomposed a t  temperatures of 300-400" C.  
Thermodynamic Considerations.--For a survey of f e a s ib l e  react ions  o r  
carbon monoxide with metals, such as iron,  n icke l  and chromium, one 
des i res ,  among o ther  things,  thermochemical information on reactants  
( including mater ia ls  such as  a l l oys )  and reac t ion  products . With such 
information, a general  survey of the  f e a s i b i l i t y  of t h e  various poss ible  
react ions  can be made, under equilibrium conditions. Although equilibrium 
condit ions i n  some cases may, f o r  a l l  p r a c t i c a l  purposes, never be 
a t t a ined  due t o  k ine t i c  fac to rs ,  such an analys is  i s  general ly  qu i te  
des i rab le  i n  the  formative stages of research work. Qui te  often,  l i t e r a t u r e  
on thermodynamic proper t ies  of the  various chemical species i s  lacking, 
even for pure materials. Lack of information is commonly the case, in 
particular, for materials such as alloys. In the course of the work 
undertaken here, the following tables of free energies of formation 
of the more common carbides of iron, nickel and chromium were obtained 
from technical literature. Also included here are standard free 
energies of formation of N~(CO) and free energies of reaction for 4 
the decomposition of carbon monoxide. No free energy data were 
located in the case of F~(CO) 5 ' 
Table I 
Standard Free Energies, A F', as Functions of Temperature, OK. 
React ion 
23/6 Cr + c = 1/6 c ~ ~ ~ C ~  
A FO, calories 
* 
-16,380 - 1.54~ 
Reference 
(2 
2 Co(g) = co 
2(g) + 
-40,800 + 41.7~ (2) 
Fxcept where indicated to be ideal gases, (g), standard states are solids. 
* 
Temperature range: 298 - 1673%. , variability - 3 K-cal. 
** 
Temperature range : 298 - 463 OK., variability - 1 K-cal. 
*+* 
Temperature range : 463 - 1115 OK., variability - 1 K-cal. 
**** 
Temperature range : 298 - 1000 OK., variability - 3 K-cal. 
I n  addi t ion t o  the  above thermodynamic data,  tabulated standard 
Tree energies of formation of carbon monoxide and carbon dioxide were 
obtained from publications of the  United S ta tes  Bureau of Standards ( 4 ) .  
This information is  reproduced i n  t he  following tab le .  
Table I1 
Standard Free Energies of Formation, AF", of Carbon Monoxide 






















graphite;  02, CO, COP- i dea l  gases. 
Figures 1 and l a  were prepared by using t h e  thermodynamic functions 
of Table I. Figures 1 and l a  a r e  graphs of t h e  equilibrium constant, 
Ka) 
on logarithmic scale,  versus temperature f o r  various react ions .  Because 
of la rge  iiumerical magnitude di f ferences  i n  e q ~ i l i b r i ~  constants, Figure 1 
was prepared jn two p a r t s -  Figure 1 i s  r ~ n c e r n e d  with reactions of i ron  
0 100 200 300 400 500 600 700 800 900 1000' 11 00 1200 1300 1400 
TEMPERATURE, O F  
Figure 1. Equilibrium Constants Versus Temperature. 
Figure la. Equilibrium Constants Versus Temperature. 
and n icke l  and Figure l a  deals  with react ions  involving chromium. Included 
here a r e  those react ions  i n  which n icke l  carbonyl and t he  carbides of iron, 
n icke l  and chromium a r e  formed from react ion of carbon monoxide, o r  carbon, 
with t h e  metals. Also shown i n  these  graphs a r e  the  equilibrium constants 
f o r  t he  decomposition of carbon monoxide t o  form carbon and carbon dioxide. 
The carbon monoxide decomposition calcula t ions  based on the  equation of 
Table I a r e  i n  good agreement with those based on t he  t abu la r  data  of 
Table 11. This i s  i l l u s t r a t e d  i n  the  following comparison. 
Standard Free Energies, AF", f o r  t he  Reaction: 2C0 = C o p  + C 
Temperature, OK 
AF" (Table I), K-cal. 
Clearly, Figure 1 i l l u s t r a t e s  t h a t  t he  most common n icke l  carbonyl 
and carbides of both i ron  and n icke l  a r e  thermodynamically unstable a t  
temperatures near 1 0 0 0 ~  F. I n  t he  case of n icke l  carbonyl, thermodynamic 
i n s t a b i l i t y  i s  supported by t h e  f a c t  t h a t  t h e  equilibrium constant, Ka, 
i s  ca lcula ted t o  be about at 1 0 0 0 ~  F. The arguments a r e  somewhat 
d i f f e r e n t  i n  t h e  case  of t he  carbides s ince  t h r ee  s o l i d  phases a r e  
involved when t he  carbides decompose. However, the  conclusion i s  c l e a r l y  
t he  same, i .e. ,  thermodynamic i n s t a b i l i t y .  Since standard f r e e  energies 
f o r  these  react ions  a r e  negative ( f o r  decomposition), one would expect 
complete decomposition of these  carbides,  near 1000 O F., a t  equilibrium. 
On t h e  o ther  hand, Figure l a  ind ica tes  t h a t  the  carbides of chromium a r e  
thermodynamically s t a b l e  near 1000" F. 
Figure 2 gives equilibrium C O / C O ~  molal r a t i o s  and CO concentra- 
t i ons  as  functions of temperature. The temperature range of t h i s  graph 
i s  800 t o  1300' F. These molal r a t i o s  and compositions apply t o  pure 
CO-C02 mixtures, , in  contact  with s o l i d  carbon, at  one atmosphere absolute 
pressure.  Calculat ions f o r  t h i s  graph were based on standard f r ee -  
energy information given i n  Table 11. Pure carbon monoxide i s  thermo- 
dynamically unstable over t he  e n t i r e  temperature range of Figure 2. 
General Review of L i te ra tu re  on Carbides and Carbony1s.-- 
The carbides and carbonyls discussed above a r e  not, by any means, 
t he  only carbides and carbonyls of iron,  n icke l  and chromium. For 
example, Ephriam (1) l i s t s  t h e  following carbonyls t o  have been chemically 
i den t i f i ed  - F ~ ( c o ) ~ ,  F ~ ~ ( C O ) ~ ,  3, N I ( C O ) ~  and ~ r ( ~ 0 ) ~ .  Schwarzkopf 
e t  a1 ( 5 )  s t a t e  t h a t  t he r e  a r e  th ree  carbides of chromium which a r e  c e r t a i n  
t o  e x i s t .  !They a r e  C r  C (o ld  c ~ ~ c ) ,  C r  C and C r  C These authors 23 6 7 3 3 2' 
f u r t h e r  s t a t e  t h a t  a carbide, C r C ,  apparently e x i s t s  a t  temperatures g r ea t e r  
than 2000' C. ,  but t h i s  decomposes upon cooling i n t o  C r  C and carbon. N i  C 3 2 3 
appears t o  be t he  only wel l  es tabl ished carbide of n ickel ,  although Bernier 
(6)  ind ica tes  t h e  poss ible  existence of N i 4 C  and Hofer, Cohn and Peebles (10) 
s t a t e  t h a t  N i 6 C  has been iden t i f i ed .  I n  addi t ion t o  t he  wel l  known cementite 
s t ruc tu re ,  Fe C, a number of authors have indicated the  existence of Fe C 
3 20 9 
(o ld  F ~ ~ c ) .  Fur ther-  "iron graphi te"  i s  f requent ly  mentioned i n  technical  
l i t e r a t u r e .  
Hofer (7 )  gives a r a the r  extensive discussion of t h e  p roper t i es  of 
metal carbides, including those of iron,  n icke l  and chromium. Hofer s t a t e s  
t h a t  n i cke l  carbide, N i  C, decomposes above 420" C. Although t he  carbides 3 
MOL PER CENT CO IN PURE CO-CO, MIXTURES 
IN CONTACT WITH SOLID CARBON AT ONE ATMOSPHERE PRESSURE 
of i ron can be formed by reaction of i ron with carbon monoxide a t  tempera- 
t u r e s  of about 250" C., Hofer suggests t h a t  these  carbides a r e  only meta- 
s tab le .  Further, he in fe rs  t ha t  it i s  doubtful t h a t  i ron carbides a re  
s t ab l e  at  any temperature. Hofer, Cohn and Peebles (8) s t a t e  t h a t  t h e  
existence of two carbides of i ron  of t h e  Fe C type was confirmed ( ~ i c h l e r  2 
and Merkel, Ph.D. t he s i s ,  Kaiser Wilhelm I n s t i t u t e ,  ~oh l en fo r sch )  . These 
carbides a r e  reported t o  have Curie points of 247" and 380" C. Jack (9)  
repor ts  some in te res t ing  data  on t he  s t a b i l i t y  of FeZ0C9. These data  
a r e  t h e  r e s u l t  of heat  t r e a t i ng  Fe C and Fe C f o r  various times at  
20 9 3 
control led temperatures. Resulting products, a f t e r  heat  treatment, were 
determined. His r e s u l t s  a re  reproduced as  follows. 









Fe C 3 
Temperature 







Fe C, carbon, d - i r o n  
3 
OC-iron, carbon, Fe C 
3 
CX -iron, carbon, t r a c e  Fe C 
3 
CC-iron, carbon, t r a ce  Fe C 
3 
Bernier ( 6 )  i s  reported t o  have studied t he  thermal s t a b i l i t y  of carbides 
of iron,  n icke l  and mixtures of i ron  and nickel  i n  d i f f e r en t  gaseous atmos- 
pheres. An abs t rac t  on t h i s  work is  quoted, i n  part, a s  follows: 
Passing a mixture of CO + 2H2 a t  170°, o r  pure CO a t  300" over N i  
reduced and dispersed on Tho causes inse r t ion  of C atoms i n  the  
2 hexagonal N i  l a t t i c e  t o  form a s e r i e s  of paramagnetic hexagonal 
carbides with t h e  l imi t ing  formula N i  C.  A t  210" t h i s  changes t o  
a ferromagnetic, face  centered cubic Jarbide with l imi t ing  formula 
N i  C. The hexagonal form loses  C t o  give pure N i  a t  276" i n  N, 
458" i n  CO, and 171" i n  H . . . Pure cementite r e s u l t s  from passing 
CO + 2 H2 over Fe dispersed on Fe 0 at 560" and 1000". Direct 
synthesis from the elements occurg it 800' in vacuum. The formula 
approaches Fe C. Loss of C occurs at 590" in H and 640" in N. No 3 other carbide is formed. Treatment of Fe-Ni alloys with CO + 2 H, 
at 170-560" results in carbide formation. The stability of the ' 
product increases with increasing Fe content, but does not reach 
the stability of pure cementite. With alloys containing 0-40% Ni, 
only an orthorhombic, ferromagnetic carbide is formed, resulting 
from replacement of Fe by Ni in the cementite lattice. With 
70-100$ Ni alloys, the hexagonal Ni carbide exists, with replace- 
ment of Ni by Fe atoms. Between 40 and 70% Ni, the two phases 
coexist. 
Hofer, Cohn, and Feebles (10) made an extensive kinetic study of 
the decomposition of N i  C. The decompositions were carried out at 325 3 
and 355" C. A secondary interest in this work was to investigate possible 
lower carbide formations such as Ni6C. They concluded that no lower 
carbides formed. They found that an induction period preceded the de- 
composition process for Ni C. For example, at 355 ' C., about 100 minutes 
3 
lapsed before Ni C began to decompose significantly. From about 70 to 3 
10 per cent nickel carbide, the decomposition was approximately zero 
order. Using the zero order rate constant which was experimentally 
determined, a half life (after induction) for Ni C at 355 " C. - was 
3 
calculated to be 0.26 hours. 
The carbonyls of both nickel and iron are known to be thermally 
unstable even at moderate temperatures. For example, Ephriam (1) states 
that F~~(co) decomposes at 100" C. and readily decomposes at 
9 
J 
140" C. For many years, pure nickel has been made industrially by a re- 
f ining process (~ond process) which involves thermal decomposition of 
~i(c0)~. The carbonyl of nickel is formed (gas phase) in this process 
at about 80" C. This gas stream is diverted to a decomposition chamber 
where the carbonyl is decomposed on nickel shot at a'pout 300" C (11). 
Mond and Wallis (12) showed that F~(CO) could be prepared most readily 
5 
at temperatures very near 200" C., employing various pressures up to 
300 atmospheres. At every pressure, the optimum temperature was very 
near 200" C. The yield of F~(CO) decreased to nearly zero at tempera- 
5 
tures above 300 C. and less than about 100 O C., even at 300 atmospheres 
pressure. 
In summary, all the carbides and carbonyls of nickel and iron, 
with known properties, are thermodynamically unstable near 1000" F. 
CHAPTER I11 
OTHER RELClTED RESEARCH WORICS AND INDUSTRIAL EXPERIENCE 
Although investigations of the reactions of carbon monoxide with 
metals containing iron, nickel, cobalt and other similar substances have 
been made in the past, examination of these findings indicates that 
further research is well justified. In particular, the mechanism (or 
mechanisms) of the destructive effects of carbon monoxide on engineering 
materials at moderately elevated temperatures has never been satisfactorily 
described. Strong evidence, from both prior research work and industrial 
experience, has already been given which indicates that carbon monoxide 
containing gases attack some of the common engineering alloys "corrosively" 
at temperatures in the vicinity of 1000' F. The temperature range at 
which these effects are appreciable is not very well defined but appears 
to be from about 900 to 1400" F. The temperatures of most severe attack 
depend upon the particular metal silbstances involved. Brief reviews of 
some of the more pertinent literature concerning the destructive effects 
of gases containing carbon monoxide and possible mechanisms of the 
destruction are given in the following pages. One readily gathers from 
this information that : 
. Iron, nickel and cobalt are catalytically active for the 
decomposition of carbon monoxide to carbon dioxide and 
carbon, at suitable temperatures. 
. The common metal substances, which catalyze the decomposition 
of carbon monoxide are typically carbide formers, although 
the reverse is not true. 
3. Decomposition of carbon monoxide to carbon dioxide and 
carbon appears to be favored, in the presence of suit- 
able catalysts, at temperatures of the order of 850 to 
1500 F. 
4. Mechanisms for the destructive effects of carbon monoxide 
on materials such as cast iron, steels and alloy steels 
may involve the formation of carbides (stable or unstable) 
deposition or diffusion of graphitic carbon in the pores, 
or grain boundaries, of the metals, or formation of un- 
stable intermediates such as carbides or carbonyls . 
5. Addition of such substances as silicon, molybdenum and 
chromium to alloy steels may enhance the resistance of 
the steels to attack by carbon monoxide. It appears, 
however, that in the case of chromium rather large 
additions (of the order of 25 per cent) are necessary. 
u.  Addition of small amounts of sulfur containing materials, 
or ammonia, to the carbon monoxide containing gases may 
reduce the destructive effects of the gases on the 
engineering materials. 
Other Related Research Works : 
Work of Baukloh and Hieber (13) and Baukloh (14, 15) .--Baukloh and Hieber 
conducted a research program in which Fe, Fe20g, Fe304, Co 0 Co, Ni, 
3 4' 
NiO, Ni 0 Cr, Crg03, Mn, Mn04, Al, Zn, ZnO and CuO were subjected to 
2 3' 
carbon monoxide at temperatures ranging from 450 to 850" C. This work 
was done in the interest of explaining the mechanism of disintegration 
of iron ore in the presence of carbon monoxide. Disintegration of iron 
ores had been observed many times when the ores were reduced by carbon 
monoxide. Baukloh and Hieber concluded that the disintegration of iron 
ore was brought about by the formation of-carbon in the pores of the 
ore lumps. They postulated that the carbon formed at catalytically 
active sites in these pores and continued to form there until mechanical 
pressures from the decomposition literally fractured the ore lump. The 
carbon formation was due to decomposition of carbon monoxide according 
to the reaction 2 CO = C02 + C.  
The above reaction, as had already been established, requires 
suitable catalysts even at thermodynamically favorable conditions. 
Equilibrium CO-C02 compositions as functions of temperature at one 
atmosphere pressure, for pure CO-CO gas mixtures in the presence of 2 
solid carbon, is given in Figure 2, page 11. 
The research conducted in these investigations indicated that 
iron, nickel, cobalt and their oxides were relatively active catalysts 
for the decomposition reaction above. To establish catalytic activity 
as a function of temperature, powdered samples of the various metals 
and oxides were eqosed to pure carbon monoxide at controhled temperatures 
for thirty minutes and/or three hours. The powders were screened through 
sieves with 4900 meshes per square centimeter, and only the material 
passing through the sieves was used. Erratic temperature versus carbon 
deposition rates were presented in graphical form by Baukloh and Hieber, 
except in the case of iron and its oxides. For iron and its oxides, 
carbon deposition rates were indicated to steadily increase with temperature 
from about 350' C.  t o  a maximum a t  about 550' C .  From the  550' maximum, 
a steady decrease t o  a non-appreciable deposit ion r a t e  a t  about 750° I - -  
was indicated a t  the  higher temperatures. A s  s t a t ed  e a r l i e r ,  the  
temperature-carbon deposit ion r a t e  curves were r a the r  e r r a t i c  f o r  the  
mater ia ls  o ther  than i ron  and i t s  oxides. For t h i s  reason, it i s  
d i f f i c u l t  t o  conclude where maximum deposit ion r a t e s  a c tua l l y  occur. 
Further, it i s  d i f f i c u l t  t o  rank t he  various mater ia ls  a s  t o  t h e i r  
r e l a t i v e  c a t a l y t i c  a c t i v i t y .  However, the  ranking, i n  Table 111, 
shows approximate r e l a t i v e  a c t i v i t i e s ,  with t he  most a c t i ve  mater ia ls  
appearing a t  the  top  of the  t ab l e  with a c t i v i t y  decreasing downward. 
This t ab l e  was prepared from da ta  given i n  Figures 4-7 of Baukloh and 
Hieber (13).  
Table I11 
Approximate Relat ive Cata lyt ic  Act iv i ty  of Various Materials  
f o r  the  Decomposition of Carbon Monoxide 
Material  
Temperature of Maximum 
Carbon Deposition, OC. 
Approximate Maximum D e -  












no appreciable deposit  ion 
no appreciable deposit ion 
no appreciable deposit ion 
(continued) 
Table I11 (continued) 
Approximate Relat ive Cata lyt ic  Act iv i ty  of Various Materials  
f o r  t h e  Decomposition of Carbon Monoxide 
Mater ia l  
cuo 
ZnO 
Temperature of Maximum 
Carbon Depostt ion, OC . 
Approximate Maximum De- 
pos i t ion  i n  $ Hour, grams 
no appreciable deposit ion 
no appreciable deposit  ion 
{ 
no deposit ion below vola- 
t i l i z a t i o n  temperatures. 
3C 
Not t e s t ed  a t  any higher temperatures because of melting point .  
Baukloh and Hieber a l so  concluded t h a t  the  oxides themse lves  were 
not  c a t a l y t i c a l l y  a c t i ve  f o r  t he  decomposition react ion.  However, the  
nascent metals, from the  reduction of the  oxides by t h e  carbon monoxide, 
were t h e  ac t ive  ca t a ly s t s  and, i n  general,  were more ac t i ve  than t he  
metals themselves. 
Later, Baukloh (14) presented an a r t i c l e  i n  which he proposed t o  
explain t h e  mechanism of des t ruct ion of c a s t  i ron  by carbon monoxide 
containing gases. A piece of c a s t  i ron  which had been exposed t o  carbon 
monoxide containing gases f o r  about eighteen months at 500-600' C. had 
been found t o  be p a r t i a l l y  d i s in tegra ted  i n to  a powder o r  dust .  This 
powder contained about t h i r t y  per  cent  carbon. Further inspection of 
the  piece of c a s t  i r on  disclosed l a rge  deposi ts  of carbon i n  pores and 
g r a in  boundaries. Baukloh f e l t  t h a t  t h i s  des t ruct ion of t he  c a s t  i ron  
w a s  caused by decomposition of carbon monoxide i n to  carbon dioxide and 
carbon. Further, he f e l t  t h a t  t he  des t ruc t ion  was of the  same n a t u r ~  
as that for iron ore which he and Hieber (13) had studied earlier. That 
is, the destruction was brought about by the deposition of carbon in +he 
pores of the metal as the metal catalytically decomposed the carbon 
monoxide. 
In a second article, Baukloh (15) discussed further research 
findings which were associated with the destructive effects of gases 
containing carbon monoxide on metals and their oxides. Compressed 
cubes of CaO, CuO, Cr 0 CaO plus one per cent Fe 0 Fe 0 and Ni 0 
2 3' 23' 2 3  2 3 
were subjected to carbon monoxide for one hour at 550° C .  In the 
case of Fe 0 and Ni 0 the compressed cubes were affected so strongly 
2 3 2 3) 
that they disintegrated easily with a very small impact. The CaO and 
Cr 0 cubes showed no decomposition phenomena, nor was any carbon 
2 3 
deposited. The CuO cube expanded slightly due to reduction of the 
oxide to copper. The CaO cube, containing one per cent Fe 0 was 
2 3' 
completely destroyed. Baukloh related this to his earlier works in 
connection with the destruction of iron ore and cast iron by carbon 
monoxide. Further, he pointed out that the attack of carbon monoxide 
appeared to take place with those metals that were typical carbide 
formers. This opinion was based on the prior work of Baukloh and 
Hieber (13) and on the fact that the CuO, was unaffected. He stated 
that dense metals, such as steels, even though likely catalysts for 
the decomposition of carbon monoxide, are not attacked by carbon 
monoxide destructively. This, he felt, was because the carbon monoxide 
cannot diffuse into the steels but can only migrate in them in atomic 
from. 
Work of Leidheises and Gwathmey (16) and Kehrer and Leidheiser (17) . --In 
1948, Leidheiser and Gwathmey published a technical  paper dealing with, 
among other  things,  t he  r e l a t i v e  ca t a ly t i c  a c t i v i t y  of t he  d i f f e r en t  
c r y s t a l  faces of n icke l  s ing le  c ry s t a l s  f o r  the  decomposition of carbon 
monoxide. This work indicated t h a t  t he  (111) faces (o r  the  (111) pole 
a rea)  were t he  most ac t ive  ca t a ly t i c  c ry s t a l l i ne  planes f o r  the  de- 
composition of carbon monoxide t o  carbon dioxide and carbon. Decomposi- 
t i o n  reactions were ca r r ied  out a t  550' C. i n  a s t a t i c  system using 
approximately one l i t e r  of pure carbon monoxide, i n i t i a l l y ,  and s ing le  
c ry s t a l s .  mese  s ingle  c ry s t a l s  were 3/8 t o  5/8 inch i n  diameter, with 
about 5 square centimeters surface area.  I n  these  s tudies ,  it w a s  found 
t h a t  t h e  carbon could be dusted from t h e  surface of the  c ry s t a l s  ra ther  
e a s i l y  at  f i r s t ,  but  l a t e r ,  t he  carbon became more tenacious. The 
major product on t he  metal surface was carbon, although t h e  presence 
of an intermediate carbide was not excluded. I n  some t e s t s  employing 
nickel  f o i l ,  analys is  of t he  surface product gave 88.52 weight per  cent 
carbon and 11.01 weight per  cent n ickel .  Results s imi la r  t o  those using 
pure carbon monoxide were obtained a t  550' C. with hydrogen and carbon 
monoxide mixtures, when carbon monoxide was i n  excess. When the  carbon 
monoxide concentration was a s  low a s  10 per  cent, no carbon was deposited. 
Later, Kehrer and Leidheiser (17) reported on t he  decomposition of 
carbon monoxide catalyzed by s ing le  c ry s t a l s  of n ickel .  They too found 
t h a t  regions surrounding t he  (111) faces of t he  c ry s t a l s  were t h e  most 
a c t i ve  ca t a ly t i c a l l y .  Carbon depositions, s imi la r  t o  those above, were 
formed i n  microscopic p i t s  of approximately hemispherical shape, when 
carbon monoxide decomposed on flat single crystals. X-ray diffraction 
analysis of the products of reaction on the (111) faces indicated only 
the presence of graphitic carbon. However, as stated above, chemical 
analysis had indicated the presence of nickel in the carbon deposits 
as reported by Leidheiser and Gwathmey. 
Work of Hofer, Sterling, and McCartney (18). --Hof er, Sterling and McCartney 
reported on the structure of carbon deposited by carbon monoxide decomposi- 
tion in studies using electron microscopy. From electron microscope 
studies and X-ray diffraction analysis, it was concluded that carbon 
deposited by carbon monoxide decomposition on the metals exhibits fila- 
ment like physical structures. These thread-like structures appeared to 
contain denser nuclei which may have been metal carbides and/or metal 
oxides, from which the filaments grew. Although the structures were 
similar for the three metals, there were minor differences in them. Thus, 
whereas the deposits on iron appeared to be solid single filaments, the 
carbon deposits on cobalt appeared sometimes to be single filaments and 
other times to be bifilaments or tubules. The deposits of carbon on 
nickel appeared to be bifilaments almost always. Positive identification 
of the metallic nuclei was not possible with X-ray diffraction. However, 
this report stated that the following compositions were suggested by the 
analyses. 




Hagg iron carbide and alpha iron. 
Cubic beta cobalt. 
Indefinite. 
It should be pointed out here, with emphasis, that the above carbon 
monoxide decomposition reactions were carried out at about 390' C. Most 
other literature discussed in the following pages is concerned with 
temperatures of about 500' C. and greater. 
Work of ~kider and Raudebailgh (19) . --Skinner and Raudebaugh, of Inter- 
national Nickel Company, Inc., have conducted some preliminary experi- 
mental work in which a number of metallic materials were exposed to 
carbon monoxide, at one atmosphere pressure, within the temperature 
range of 1000 to 1200' F. The materials exposed to carbon monoxide 
included small annealed strips of Inconel, Incoloy, AISI Types 304 and 
430 stainless steel, and small specimens of gray iron and ductile iron. 
In the first experiments, the annealed strips of Inconel, Incoloy 
and Types 304 and 430 stainless steel were exposed to the carbon monoxide. 
These experiments failed to produce any carbonaceous deposits in the 
reaction zone or any observable attack of the metal specimens with ex- 
posure times of 70 hours. Next, gray iron and ductile iron specimens 
were exposed to the cylinder carbon monoxide for 125 hours at about 
1050" F. With both the gray iron and ductile iron specimens, a loose 
sooty deposit was formed, in appreciable amounts, on the specimens and 
in the reaction zone. Also, appreciable deterioration of the metal 
specimens had taken place, as indicated by further analysis. Following 
the tests on the cast irons, specimens of Type 304 stainless steel, 
Incoloy and Inconel were simultaneously exposed with gray iron a,t 1050" F- 
for 125 hours in attempts to induce reaction in the previously unaffected 
materials. These tests resulted in localized deterioration of Type 304 
stainless steel. 
Analysis of the  various' exposed specimens revealed the following 
f a c t s  : 
1. The gray i ron  experienced more deter iorat ion than the 
duc t i le  iron. 
2. The sooty deposit on the  cas t  i ron  specimens was fe r ro-  
magnetic, although no metal pa r t i c l e s  were v i sua l ly  
discernable. 
3. Chemical analysis of a sample of the  sooty deposit,  indicated 
65 weight per cent carbon, 26 weight per cent iron, and 0.5 
weight per cent nickel.  This deposit was formed when cas t  
i ron and duc t i le  iron had been exposed t o  carbon monoxide 
f o r  125 hours a t  1050" F. 
4. Microscopic examination of the  various specimens indicated 
a f a i r  degree of carbon penetration in to  the cas t  i ron speci- 
mens i n  general, and localized penetration in to  the Type 304 
s t a in l e s s  s t e e l  (when reaction w a s  induced by cas t  i ron) .  
5. Also, the microscopic examination showed, i n  the  case of ca s t  
iron specimens, quite a few detached pieces of the  metal i n  
the  adherent surface carbonaceous deposits. 
6. In  the  case of Type 304 s t a in l e s s  s t ee l ,  localized deter ior-  
a t ion  resulted i n  detachment of metal grains imbedded i n  the  
surface carbonaceous deposits also.  
7. One sample of Type 304 s t a in l e s s  s t e e l  was subjected t o  mild 
intergranular corrosion p r io r  t o  exposure t o  the  carbon 
monoxide. I n  t h i s  case, graphite penetration w a s  indicated 
t o  be of much higher degree than with the  other  Type 304 
specimens. 
Experience of Phillips Petroleum Company (20). --Phillips Petroleum Company 
has experienced not only corrosion problems with various engineering 
materials but also has experienced fouling of process equipment due, 
apparently, to corrosion of the process equipment. These problems were 
encountered in a process where butane was catalytically dehydrogenated 
for the production of butenes. In this system, a fixed bed of chromia- 
alumina catalyst was contacted with a butane rich gaseous stream at 
about 1100' F. Periodically, the catalyst in the reactors were re- 
generated by burning off carbon. This carbon was formed during the 
reaction step due to minor amounts of hydrocarbons being cracked. The 
method used for limiting temperatures below about 1300" F, during the 
regeneration step, was restriction of the air rate. Thus, the regenera- 
tion, or burning operation, took place with an oxygen lean gas and, hence, 
potentially led to relatively high carbon monoxide content product gas. 
In connection with this process, various materials of construction (usually 
iron based nickel and/or chromium alloys) were tested in attempts to find 
suitable materials of construction. Corrosive effects were observed in 
these tests. However, of equal importance, if not of more importance, 
were the fouling effects involved in this system. It was felt that small 
amounts of the materials of construction, during the corrosion process, 
were removed and redeposited in the catalyst bed. These materials were 
catalytically active for undesirable reactions with the hydrocarbon feed 
gas. These undesirable reactions led to increased carbon deposition. 
This carbon deposition was the apparent cause of fouling. 
To circumvent the above mentioned problems, Phillips Petroleum 
Company tested various materials of construction in laboratory experiments, 
i n  attempts t o  determine s a t i s f ac to ry  construction materials .  The lab- 
ora tory equipment and operating conditions simulated the  plant  react ion 
system. From these  t e s t s ,  various construction mater ia ls  were ra ted a s  
follows : 
Alloys with Good Ratings 
31 C r  - 9 N i  
27 C r  
24 C r  - 15 N i  
20 C r  - 10 N i  - 3.6 Mo 
Materials with Poor Ratings 
20 C r  - 3 N i  
18 C r  - 11 N i  
17 C r  - 13 N i  - 2 Mo 




I n  t he  above, where t he  analyses (weight per  tentages) a r e  not  complete, 
the  balances a r e  iron, except f o r  small amounts of impurit ies.  It should 
be pointed out t h a t  the  above ra t ings  were made on t he  ba s i s  of fouling 
due t o  carbon formation and t h a t  corrosive e f f ec t s  a r e  in fe r red  by such 
ra t ings  . 
The following s t a in l e s s  s t e e l s  were t e s t ed  by P h i l l i p s  Petroleum 
Company on p lan t  sca le  equipment. 
AISI Type 302 B AISI Type 304 AISI Type 310 
AISI m e  316 AISI Type 321 AISI Type 347 
of these, only Ty-pes 302 B, 310 and 316 gave s a t i s f ac to ry  operations 
without plugging of t he  reactors due t o  fouling.  Type 316 appeared t o  
y i e ld  t he  g r ea t e s t  carbon formation of these  th ree  mater ia ls .  
Analysis of some carbonaceous deposits from one system containing 
iron revealed only the presence of carbon and Fe 0 After burning this 
3 4" 
sample, the residual materfal indicated only Fe 0 Analysis of a car- 
2 3 O  
bonaceous deposit from an Inconel reactor indicated only graphite and 
NiO. These analyses were made using X-ray diffraction techniques. 
Experience of Babcock and Wilcox Company (211,--,Rather severe corrosion 
of materials of constm.ction were observed 'by the Babcock and Wilcox 
Company in a waste heat boiler. This boiler was operated at about 
700-2500" F. and 315 p,s,i.g, Severe attack was experienced with APSI 
Types 310 and 347 stainless steels, Temperature ranges, where attack 
was observed, were from about 800 to 1650' F. The corrosive atmosphere 
was synthesis gas (principally. carbon monoxide and hydrogen) produced by 
burning methane with oxygen under controlled conditions. Periodic steam 
atmospheres also may have added to the corrosion problem. Above about 
1000' F., localized carburization - decarburization was indicated at 
the affected areas. In these zones, the corrosion was of a pitting 
nature. At lower temperatures, of the order of 900 to 1000' F., little 
carburization was observed and the corrosion was rather uniform instead 
of localized. 
After the a'bove corrosion experience, the Babcock and Wilcox 
Company conducted experiments in which test specimens of various metals 
were placed in the waste heat boiler. The specimens were placed on 
baffles in the boiler where the temperatu.res were approximately 700, 
9009 llOOB 13009 1500 and 1700" F. In .the flrst test, exposure time, 
under operating conditfons, was 14 days, In another test, exposure 
time was 33 days. For these  t e s t s ,  t he  samples were weighed before and 
a f t e r  exposure and t he  r e su l t s  were recorded a s  percentage weight changes. 
Some of these  t e s t  r e su l t s  a r e  given i n  Table I V .  Table IV was re-  
produced from a paper presented a t  the  1959 Annual Conference of t he  
National Association of Corrosion Engineers. 
Weight Changes of Material  Samples In s t a l l ed  i n  t he  Generator 
During Second (14 ~ a y s )  Operating Period 
% Weight Change a t  Baffle 
- Material 3 5 7 9 11 13 ------ 




Croloy 12 (Type 410) 
Croloy 27 (~y-pe 446) 
Croloy 18 ( m e  430) 
18-8 Type 304 
18-8 Type 3 0 4 ~  
16-13-3 Type 316 
16-13-3 Type 3 1 6 ~  
1 8 - 8 ~ b  Type 347 
25-20 Type 310 
Armco 1 7 - ~ ~ C U M O  
18-8 (!Type 304), Aluminized 
25-20 (Type 310), Aluminized 
Inconel, Aluminized 
25-20 Ceramic Coated 
18-8 Ceramic Coated 
Carbon-Steel Ceramic Coated 
Carbon S t ee l  




Reproduced from Table I of Paper Number 15 presented a t  t he  
Fif teenth  Annual Conference of the  National Association of Corrosion 
Engineers, Chicago, I l l i n o i s ,  March 16-20, 1959, 
The various baffles, indicated in Table IV, were in locations in which 
approximate temperatures were as follows: 
Baffle Number Approximate Temperature. 
=? 1700 degrees F. 
5 1500 degrees F. 
7 1300 degrees F. 
1100 degrees F. 
900 degrees F. 
700 degrees F. 
A few materials, other than those listed in Table IV, were used 
as test specimens in later work by Babcock and Wilcox Company. These 
included nickel, Inconel and Monel, as well as many of the same materials 
of Table N which had been both spray calorized and pack calorized. Due 
to the fact that the test specimens were placed in an operating unit 
temperatures and gaseous atmospheres were not constant throughout the 
test periods. Thus, the tests were not made under carefully controlled 
conditions. Nevertheless, the variety of materials which were deleteriously 
affected by gaseous atmospheres containing carbon monoxide at temperatures 
ranging from about 700 to 1700' C. was clearly demonstrated by these 
results. 
After analyzing test results, described above, some of the opinions 
formed by the Babcock and Wilcox Company were as follows: 
In summary, the attack was relatively light in the high-tempera- 
ture zone (above about 1650 F) and ceased below about 900 F, but 
was severe and rapid at the intermediate temperatures .... 
The over-all evaluation of the materials revealed that those 
which suffered the least attack were all materials which resist 
carburization, that is, nickel, Monel, Inconel, 27Cr stainless, 
copper, and pack-calorized stainless steel.. ..* 
The observations made during the examination of the affected 
metal parts and test specimens led to the conclusion that the 
following factors may have been involved in the wastage phenomenon: 
(1) Cycling Temperature-Oxidation. Oxidation alone, observed only 
at the higher temperatures below the water-cooled baffle, 
appears to have been a minor cause. It manifested itself in 
the form of pits. 
(2) Cycling Carburization and Oxidation. This could have caused 
a "dusting" of metallic particles, possibly facilitated by 
thermal stresses due to sootblowing and by abrasion by 
particles in the gas stream. 
(3) Cycling Oxidation and Reduction. St appears to be possible 
that surface oxide formed during sootblowing with steam was 
reduced to iron and graphite during the subsequent off-cycle. 
This possibility is supported by the metallographically 
found presence of metal particles in a graphitic-appearing 
deposit as well as by X-ray diffraction identification of 
the presence of graphitic carbon and traces of iron-graphite 
(F~c) on one of the affected soot blower elements. 
( - )  Partial conversion of the outermost surface to solid carbide 
by continuous carburization and flaking off of the brittle 
layer . 3c 
The cyclic conditions, mentioned above, appear to have been a re- 
sult of periodic momentary shut down of the operating unit for the purpose 
of cleaning, or sootblowing, by steam. 
Experience of M. W. Kellog Company (22). --The M. W. Kellogg Company re- 
ported on an experience of rather severe corrosion in a hydrocarbon 
synthesis plant. This plant was used for synthesizing gasoline and re- 
lated hydrocarbons from coal. Severe corrosion was experienced in parts 
* 
Refer to Paper No, 15 presented at Fifteenth Annual Conference 
of National Association of Corrosion Engineers, page 15. 
of the system where the materials of construction were of the stainless 
steel class. Temperatures were of the order of 800 to 1300" F. and gas 
compositions were of the following approximate two ranges. 








Corrosive effects were first observed on AISI Type 310 stainless 
steel, where temperatures were of the order of 1200 to 1300" F., and t h ~  
atmosphere was of the feed gas composition given above. These effects 
were observed after about 3000 hours service. Later, similar observa- 
tions were made on Type 310 stainless steel in a temperature zone of 
900 to 1000" F. and a feed gas composition without steam. Although 
m e  310 stainless steel was the only metal which had been attacked 
before the writing of the report cited here, other stainless steels 
were found to be attacked later. The author of the paper pointed this 
out at the presentation given at the 1959 Annual Conference of National 
Association of Corrosion Engineers. 
The corrosion was generally of a localized, or pitting form. 
Microscopic examination, supported by chemical analysis, indicated 
localized carburization in the attacked zones. Diffusion of carbon into 
the metal was indicated to be along grain boundaries. 
Miscellaneous Related Works and Comments on Cited Literature.--Various 
other works have touched, at least indirectly, on matters pertinent to 
the work undertaken in the present research. For example, the work of 
Berry, Ames and Snow (23) indicated that small amounts of ammonia or 
sulfur tend to inhibit the decomposition rate of carbon monoxide. C _  
the other hand, they indicated %hat the presence of hydrogen tends to 
enhance the rate of carbon monoxide decomposition. These authors stated 
that carbon (from CO decomposition) destructively affected ceramic 
materials containing iron, iron oxide and other materials which catalyze 
carbon monoxide decomposition. 
Considerably in contrast to the subject under consideration here 
is the destruction of a flake graphite cast iron reported by Billington 
and Woodfine (24). Here, a flake graphite cast iron was catastrophically 
corroded by carbon dioxide (with small amounts of carbon monoxide) at 
temperatures ranging from 375 to 525' C e  This corrosion process was 
apparently due to an oxidation mechanism. This reference serves to 
illustrate the complexity of reactions of gases containing carbon on 
metals like iron at temperatures near 1000" F. 
The work of Leidheiser and Gwathmey (16) and Kehrer and Leidheiser 
(l7), described above, had indicated possible removal of nickel from 
single crystals of nickel which were subjected to carbon monoxide at 
550 C. This was suggested by a statement of Leidheiser and Gwathmey (16) 
that chemical analysis of carbonaceous deposits on nickel foil showed 
11.01 weight per cent nickel. Further, Kehrer and Leidheiser (17) stated 
that carbon had deposited in small pits of approximately hemispherical 
shape on flat single crystals. These two statements suggested that 
possibly the pits were the result of loss of metal during exposure to 
carbon monoxide. Contradictory to this argument, however, was the 
statement made by Kehrer and Leidheiser (17) that X-ray diffraction 
analysis did not support the chemical analysis reported by Leidheiser 
and Gwathmey, above. To resolve this matter, Kehrer and Leidheiser 
were contacted by personal correspondence. It was the opinion of 
Mr. Leidheiser that the pits were the result of electrolytic polishing 
preparatory to exposure to carbon monoxide. Further, he felt that the 
destructive effects of carbon monoxide on the nickel crystals were 
likely quite small, if any at all. 
EXPERIMENTAL APPARATUS, PROCEDURE3 AND RESULTS 
The equipment used for experimentation in this research work can 
be classified broadly as (a) the reaction, or exposure, system and 
(b) analytical apparatus. Generally, the analytical equipment was 
standard apparatus, or was equipment which has been well described in 
technical literature. No analytical equipment is described in detail 
in this chapter. 
Apparatus Description.--Basically) the exposure system provides facilities 
for exposing small metal samples to high purity carbon monoxide at 
temperatures near 1000' F. The exposure zone is approximately 318 inch 
in diameter and is two feet long. Temperatures in this zone can be 
controlled to within about - + 10' F. for periods of the order of 100 hours. 
Control of temperatures is accomplished by the use of commercial auto- 
matic instruments. Temperature uniformity and narrow control range are 
provided by the use of a fluidized-solids heat transfer medium. This 
medium surrounds the exposure zone. The equipment was operated satis- 
factorily at temperatures up to 1100' F. 
Experimental carbon monoxide was high purity commercial gas. The 
manufacturing specifications on this gas require 99.5 volume per cent 
minimum purity. Impurities when manufactured are nitrogen and oxygen in 
about the same relative proportion as in air. It was purchased from the 
Matheson Company, Incorporated, East Rutherford, New Jersey. The experi- 
mental apparatus provides facilities for use of the carbon monoxide 
supplied in high pressure cylinders. The cylinders contained about 
100 cubic feet of gas when measured at atmospheric conditions. Also 
provided in the exposure system is gas metering and flow rate control 
equipment, The gas was fed to the reactor at rates of about 0.3-1.0 
cubic feet (at atmospheric conditions) per hour. Variations in gas 
rates, due to metering and control, were about - + 10 per cent. A thermal 
purification unit was provided in the carbon monoxide system and was 
operated at a controlled temperature of 700' F. This purification unit 
served to decompose iron carbonyls which potentially form in the gas 
cylinders, upon long standing. Auxiliary gas metering and control 
facilities were installed. Although not used in the presently discussed 
experimental program, these facilities were installed for potential use 
of diluent gas, such as nitrogen, or secondary exposure gas, such as 
hydrogen. 
Besides the facilities discussed above, other equipment was used 
for (a) collection of entrained solid matter in the effluent carbon 
monoxide, and (b) collection and analysis of gas samples. 
Construction material, which was used for the exposure system, 
was AISI Type 446 stainless steel. This material was used throughout 
the entire system from the carbon monoxide purification unit to the 
disposal zone. AISI Type 446 steel (25) was suggested to possess high 
corrosion resistance to gases containing carbon at temperatures near 
1000' F. However, selection of this material was not straight forward 
and without confusing factors, Nevertheless, the material was used and 
proved to be satisfactory for the experimentation. AISI w e  446 steel 
is a ferritic stainless steel and has a nominal composition of 23 to 
27 weight per cent chromium. Except for minor impurities (less than 3% 
total), the balance of this alloy is iron. 
A schematic diagram of the experimental exposure system is shown 
in Figure 3, To illustrate the manner in which this equipment was used, 
a brief description of the normal flow path of the experimental carbon 
monoxide follows. 
The carbon monoxide comes from high pressure cylinders (at A 
in the diagram) and passes through a manifold to the CO rotameter (at B). 
The rate is controlled by a needle valve and a pressure regulating valve 
on the gas cylinder. After the rotameter, the carbon monoxide goes 
through a purification unit which is called the "CO Pretreater" (at C, 
for the purpose of thermally decomposing any iron carbonyl which may 
have formed in the cylinder. Following purification, the gas passes 
through a preheating coil in the fluidized-solids temperature bath. 
This preheating coil is not shown in the diagram in order to reduce 
complexity. After preheating, the experimental gas goes into the re- 
actor (at D) and passes over the metal specimen under study. Next, the 
effluent gas is cooled in a water jacketed cooler (at E). The cooled 
gas then goes through a dust collector (at F) for entrapping any solid 
material carried over from the reactor. Following this, the gas is 
normally discarded through a vent. Periodically, the effluent gas is 
sampled and analyzed, 
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Figure 3. Schematic Diagram of Experimental Apparatus. 
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Various auxiliary facilities are schematically shown in Figure 3. 
These include the dry nitrogen system and the fluidized-solids temperature 
control system. Dry nitrogen is used as a flush gas. 
A detailed description of the experimental apparatus is given in 
Appendix A, page 98. This description includes detailed information on: 
(1) Design basis. 
(2) Description of equipment. 
(3) Materials of construction. 
(4) Design calculations. 
(5) Calibrations and engineering test results. 
Ekperimental Procedure.--The experimental procedure followed in this work 
was as follows. After the desired reactor and CO pretreater temperatures 
were obtained, the feed carbon monoxide was tested for purity. Wire 
specimens were placed in the hot reactor and allowed to heat soak for 
about one hour in a nitrogen atmosphere. These wire specimens had pre- 
viously been cleaned and weighed. Following the heat soaking, carbon 
monoxide flow was started through the system as discussed above. 
Periodically, various experimental information was recorded. A sample 
experimental data sheet is given in Table V, page 47, which shows the 
type of data recorded. After the desired exposure time had been obtained, 
the carbon monoxide flow was stopped. Then, dry nitrogen was flushed 
through the system. Following the nitrogen flush, the wire specimens 
were carefully removed from the hot reactor and placed in a dessicator. 
The exposed wires were then weighed and again placed in a dessicator 
awaiting further analysis. 
A detailed outline of the experimental procedure is also given in 
Appendix A following the description of equipment. 
Experimental Results in General.--The experimentation associated with 
this research program involved three types of metals. They were 
commercially pure nickel, Inconel and AISI Type 304 stainless steel. 
All metal specimens were in the form of wires and were either 0.01 inches 
in diameter (pure nickel and Type 304 stainless steel) or 0.008 inches 
in diameter (~nconel) . The nickel and stainless steel specimens used 
were about 100 feet long, and the Inconel specimens were about 130 feet 
long. All metal samples were prepared for exposure to carbon monoxide 
as outlined in the sample and apparatus preparation description on 
page 119. Typical chemical compositions and metallurgical histories 
of these three metals are given in Appendix E, page 130. Chemical 
analyses of the experimental wires for principal constituents gave 





C h e m i c a l  Analysis of Wires, weight per cent. 
Fe Cr Mn S i C - Ni - 
d.09 99.5 0.25 0.12 
** 
Type 304 Steel 68.5 
In all experiments, the metal specimens were subjected to high purity 
carbon monoxide, at various controlled temperatures ranging from about 
3C 
Chemical analyses were made at Atlantic Steel Company, Atlanta. 
Georgia. 
** 
This value is assumed as balance, which is common practice. 
920" to 1100" F. Carbon monoxide exposure times ranged from 4 to 120 
hours, but typically, exposures were for 16 hours. 
During the various experimental runs, normal variations in the 
controlled exposure temperatures were of the order of - + 5" F. Although 
unusual, in some instances, maximum recorded temperatures were as much 
as 30" F. higher than minimum recorded temperatures. Variations in 
controlled experimental carbon monoxide rates were of the order of + 10 
per cent. 
In the early stages of the experimental program, pure nickel and 
Inconel were investigated. However, the reactivity of these materials 
with carbon monoxide was found to be considerably lower than that of 
stainless steel. Because of the higher reactivity, extensive experi- 
mentation was done on the stainless steel. In the following pages, 
results of the work on stainless steel will be presented first, and 
the results on pure nickel and Inconel will be given in detail after- 
wards. 
Experimental Results on AISI Type 304 Stainless Steel.--Type 304 stain- 
less steel wire specimens were exposed to carbon monoxide in twenty- 
one experiments. In seventeen of these experiments, exposure times were 
16 hours. Two experiments were made with 32 hours exposure and one with 
120 hours exposure. The remaining experiment of this set was made with 
a carbon monoxide exposure time of about 46 hours. However, electrical 
heaters burned out and the air supply compressor failed near the end of 
this experiment. Consequently, satisfactory experimental results were 
obtained with exposure times of 16, 32 or 120 hours, only. Temperatures 
ranged from about 920' to 1100° F. Carbon monoxide rates were normally 
about one standard cubic foot (measured at 14.7 p. s. i.a. and 60" F. ) 
per hour, but six experiments, or runs, were made at about 0.3 standard 
cubic foot per hour. In every experiment, carbonaceous deposits on the 
wire surfaces resulted in increased weights of the wire samples during 
exposure. Over the ranges of variables studied, carbonaceous weight 
gains tended to increase with temperature and exposure time. Weight 
increases varied from about zero at the lower temperatures and exposure 
time to about two per cent at the higher temperatures and/or exposure 
times. The data suggested that about two per cent weight gain of the 
wire specimens may have been the upper limit. Chemical analyses of 
two different samples of the carbonaceous surface deposits indicated 





7.5 - 12.3 weight per cent 
0.05 - 0.3 weight per cent 
1.0 - 4.57 weight per cent 
The surface deposits were ferro-magnetic. X-ray fluorescence analyses, 
at least semi-quantitatively, supported these chemical analyses. 
Positive identification of the structure of the metallic components 
in the carbonaceous surface deposits was not possible by the use of X-ray 
diffraction analysis. Chemical analyses of the surface deposits indicatea 
them to be about eighty weight per cent carbon, and X-ray diffraction 
analysis suggested that this was predominantly graphitic. Further, X-ray 
diffraction suggested the possibility of free nickel and iron or iron- 
nickel allw-like materials in the surface deposits. The diffraction 
analyses, however, were quite inconclusive. One could not exclude 
the possibility of many other materials, such as carbides, etc., in 
the surface deposits from the X-ray diffraction work. The principal 
reasons that X-ray diffraction analyses were inconclusive were: 
"11 the metals - KFe, Cr and Ni - as well as the 
carbides - Cr23C6, Fe C, Fe C Ni C - and iron 
3 209' 3 
graphite have highest diffraction intensities at u 
0 
values - between 2.01 and 2.05 A. 
2 The stronger diffraction lines, in general, indicated 
face centered cubic structures, such as from nickel 
and nickel alloys, or body centered cubic structures, 
such as from cCFe or low Ni- GCFe alloys. However, 
since most of the analytical work employed powder 
camera techniques, broad diffraction lines at d values 
near 2.01 - 2.05 could not be resolved into multiple 
components, as was probably the case, 
3.  Some faint diffraction lines could not be identified 
with any proposed structure. 
Metallurgical examination of cross-sections of the wire specimens 
indicated, at least in part, the attack on the metal was along grain 
boundaries in localized areas. Chemical analysis of wire specimens, 
which had been cleaned of surface deposits, showed that appreciable 
carbon had penetrated into them. The amount of carbon penetration 
tended to increase with increasing amounts of surface deposition and 
amounted to about 0.6 weight per cent in a very severe case. The original 
carbon content of the stainless steel wires was about 0.05 weight per cent. 
Microscopic and metallurgical examination of cross-sections of the 
exposed wires suggested the possibility that individual grains of the 
metal were mechanically forced from the surfaces of the wires due to 
intergranular carbon or carbide formations. If this was the case, the 
extent of this process (in the exposure times involved) must have been 
relatively small compared to other processes which took place and resulted 
in metal transfer into the surface deposits. This statement is supported 
by chemical and X-ray fluorescence analyses of the deposits and electron 
microprobe analyses of individual grains of metal. These individual 
grains of metal were nearly at the stage of being removed by the suggested 
mechanical process. Chemical and fluorescence analyses showed that the 
relative amounts of chromium (to iron and nickel) in the deposits were 
quite low compared to that in the original wire specimens. On the other 
hand, electron micro-probe analysis of the individual grains, still at 
the wire surface but clearly indicated to be progressing towards removal, 
showed that the relative chromium contents were near the same as that of 
the ~riginal wire specimens. Thus, mechanical removal of individual 
grains does not appear to have been a major source of metal wastage, at 
these exposure conditions. Microscopic examination of the surface 
deposits revealed metallic-like particles enmeshed in the deposits. 
These particles were, in many cases, of the same order of size as in- 
dividual grains of the original wires. A very limited electron micro- 
probe analysis of a few of these particles revealed appreciable amounts of 
iron, a small amount of nickel and no chromium. 
Limited testing indicated that the stainless steel wires were not 
sensitized to intergranular attack by heat treatments comparable to the 
exposure conditions (time and temperature) which were used in this ex- 
perimental program. 
Three experiments were made in which tests were made for carbonyls 
in the carbon monoxide after exposure. Results of these tests indicated 
that if carbonyls of iron and nickel were present in the effluent carbcn 
monoxide after exposure, the amounts were extremely small. 
Experimental Results in Detail.--As stated earlier, the stainless steel 
wires were 0.01 inches in diameter. Microscopic examination revealed 
that these wires were very nearly circular in cross section but had 
very shallow surface irregularities resulting from the drawing dies. 
These irregularities were in the form of ridges and grooves (of the 
order of 0.0001 inches deep) which occurred alternately at intervals 
of about 0.0001 to 0.0005 inches and ran longitudinally along the wires. 
For all experiments on stainless steel, specimens were prepared by 
wrapping about 100 feet of the wires to form a bundle about 12 inches 
long and inch in diameter (very loosely packed). The samples were 
cleaned, dried and weighed as outlined on page 119. 
For sixteen hours exposure times, the weight gains (due to 
carbonaceous deposits) of the stainless steel specimens increased with 
temperature for the range of 920" to 1100" F. Figure 4 is a graph of 
weight gains as a function of temperature for the 16 hour runs on 
stainless steel. Clearly, Figure 4 shows that weight gains tend to 
increase with temperature. This trend is particularly noticeable above 
I 
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Figure  4. Weight Gains of  Type 304 S t a i n l e s s  S t e e l  Wire Specimens Exposed t o  Carbon 
Monoxide Versus Temperature. 
about 1020' F. Figure 4 includes the results of fifteen of the runs at 
16 hours exposure time. The solid curve was drawn in graphically rather 
than from analytic determinations. Selected data (~uns 12, 13, 18, 19, 
20, 21, 25, 27, 29, 30, and 31) were used to prepare the broken curve 
by use of the methods of least squares curve fitting. For this analytical 
curve fitting, it was assumed that the kinetically controlled process 
obeyed an Arrhenius relationship, i.e., the rate constant is proportional 
to exponential -b/~, where b is the activation energy divided by the gas 
constant, and T is the absolute temperature. For the details of these 
calculations, see the analysis of data on pages 79 and 80 . The 
Arrhenius relation did not fit the data too well, probably due to the 
variability of the system. However, b was calculated to be about 40 
150 (t - 11,700) degrees Rankine. This corresponds to an activation 
energy of approximately 44,300 calories/mole. 
An example data sheet which was prepared during Run 30 is shown 
in Table V. These data describe the exposure conditions for a sample of 
stainless steel for the nominal conditions: 16 hours exposure at 1100" F. 
to one standard cubic foot per hour of carbon monoxide at one atmosphere 
pressure. Temperature recorder-controller charts showing the temperatures 
of the reactor and the carbon monoxide pretreater during Run 30 are given 
in Figure 5. Average results describing exposilre conditions for all 
other experiments on stainless steel are given in Tables B-I and B-11, 
pages 122 and 123. 
Experimental Results on Pure Nickel and Inconel.--Limited data were ob- 
tained on nickel and Inconel. As explained earlier, emphasis was placed 
T A B L E  V 
E X A M P L E  E X P E R I M E N T A L  D A T A  S H E E T  
DATE: 9,451'59 METAL DUSTING EXPERIMENT NUMBER 30 MATERIAL: 10 MIL DIAMETER 304 STAINLESS STEEL WIRE 
NOMINAL CONDITIONS: 12 GRAMS 10 MIL 304 STAINLESS WIRE, 1 S C F Y  CO, 1 1  W°F., 16 HOURS, 1 ATM. ABSOLUTE 









1 1  :05 A.M. 
Standard engineering symbol for standard cubic feet (measured at 14.7 p.s.i.0. and 60°F.) per hour. 
**At these levels of measurements, these analyses are quite qualitative. The burettes used in this apparatus can only be read accurately to 0.2 ml. (0.2 volume % o n  100 C.C. sample). 
Further, the CO analysis is  probably of poorer accuracy than this becouse of moinpulation diff icult ies associated with requ~ring almost complete adsorption of this component in the 





































































(1) INITIAL SAMPLE SIZE: 
12.8045 GRAMS. 
(2) SAMPLE PLACED I N  
REACTOR 5:00 P.M. 9/15/59 
(3) CO FEED ANALYSIS 7:00 
P.M.: CO2 0.2, CO 98.4 
(4) CO TO REACTOR 7:10 P.M. 
(5) CO OUT, N, FLUSH IN 






























on the m e  304 stainless steel because of its higher reactivity with 
carbon monoxide. For example, the following table shows the weight gains 
obtained for these three materials upon exposure to carbon monoxide at 
three different temperatures. Except' where noted otherwise, carbon 
monoxide exposure times were 16 hours. 
Table VI 
Carbonaceous Weight Gain Comparisons for Nickel, Inconel 





Type 304 Steel 
2 Weight Gains, grams/hour/foot , at 
Indicated Temperatures. 
1020" F. 1065 " F. 1100 " F. 
* 4 hours exposure to carbon monoxide at 1015- 1 
** 
8 hours exposure to carbon monoxide. 
*** 
Values calculated from solid curve of Figure 4. 
Data from the nickel and Inconel experiments were obtained similar 
to that shown in Table V and Figure 5, pages 47 and 48. Average reslults 
from the nickel and Inconel experiments are given in Table D-I, page 129. 
Analytical Results.--Some analyses of the exposed metal specimens were 
done by use of the following techniques: 
1. Chemical. 
2. Electron micro-probe. 
3. Metallurgical .  
4. Microscopic (op t ica l  ) .  
5. X-ray d i f f r ac t i on .  
. X-ray fluorescence . 
Chemical Analysis.--Chemical analyses were made on two d i f f e r en t  surface 
deposit  samples ( f o r  iron,  nickel ,  chromium and carbon), f i v e  d i f f e r e n t  
s t a i n l e s s  s t e e l  wire specimens ( f o r  carbon), a s  received wires as wel l  
a s  on one cold t r a p  (-80' C . )  condensate sample taken from the  carbon 
monoxide a f t e r  exposure (32 hour condensate co l l e c t i on ) .  A very l a rge  
number of Orsat analyses were made on the  "as received" and e f f l uen t  
carbon monoxide. No chemical analyses were made on exposed Inconel 
and n icke l  specimens. 
One of t he  surface deposit  samples examined was made up of about 
equal amounts of mate r ia l  from two d i f f e r en t  runs. Exposure conditions 
f o r  these  runs were 120 hours a t  1065" F. and 32 hours a t  1060" F. 
The wire specimens, which were analyzed f o r  carbon penetrat ion,  
were prepared by removing a l l  surface deposits ,  rubbing the  surface of 
t h e  wires with 3/0 emery paper and wiping clean t o  remove surface  
carbon. This cleaning of the  wire specimens was done i n  order t o  
est imate t he  amount of carbon penetra t ion i n to  the  main body of t he  
wires. Results  of the  chemical analyses of t he  surface deposi ts  and 
t he  wire specimens a r e  given i n  Table V I I .  
During Runs 28, 2a and 3a, the  e f f luen t  carbon monoxide from t h e  
reac to r  was passed through a cold t rap .  This t r a p  was maintained a t  
about -80" C.  by use of acetone and Dry-ice as coolant .  A small  amount 
Table V I I  
Chemical Analyses of Carbonaceous Surface Deposits on Type 304 S t a i n l e s s  S t e e l  Wires 
Exmosure Conditions Chemical Composition, 
Temp - 
Run Sample Time, e ra tu re ,  CO Rate, 
Wire Sample 
weight per  cent  
Weight Gain, 










Analyses made a t  chemical con t ro l  l abora to ry  of t h e  At l an t i c  S t e e l  Company, At lanta ,  Georgia. 
All o t h e r  chemical analyses were made by Law and Company, Atlanta,  Georgia. 
+ 
Standard cubic f e e t  (measured a t  14.7 p . s . i . a .  and 60" F. )  pe r  hour. 
of icy-solid condensate was formed in the trap during each of these ex- 
periments. After each run was complete, the trap was removed from the 
coolant. Upon warming towards room temperature, the icy-solid condensate 
melted and formed a colorless liquid. The quantity of liquid was estimated 
to be 0.5 - 1 cubic centimeter for Runs 28 and 2a. The estimated liquid 
volume for Run 3a was 0.1 - 0.3 cubic centimeter. Run 28 was made under 
erratic experimental conditions and hence, there was no analytical treat- 
ment of the condensate. Reactor effluent gas was passed through the cold 
trap in Run 3a to confirm the amount of condensate collected in Run 2a, 
No analytical treatment was performed on the condensate from Run 3a. 
Qualitative analysis for iron, nickel and chromium was performed 
on the cold trap condensate sample from Run 2a. Little, if any, of these 
materials was present. However, faint traces of iron and nickel could 
not be excluded by the tests. The analysis made use of bromine for de- 
composition of possible carbonyls. Standard reagents were used for 
qualitative tests for iron, nickel and chromium. Ammonia was added to 
the brominated test liquid for precipitation of ferric hydroxide (brown 
solid). Then the solution was boiled down to a volume of about 2 cubic 
centimeters. The ammonia also used up excess bromine. At this point, 
if the solution had been pale yellow, chromium in the form of chromate 
ions would have been indicated. Dimethyl glyoxime was added to the 
ammoniacal test solution for precipitation of the red colored complex 
of nickel. All these tests were negative in the normal test solution 
volumes. However, the solution (about 2 cubic centimeters) containing 
1 the dimethyl glyoxime was boiled down to a volume of about cubic 
centimeter. At the beginning of this boiling, a little color began to 
develop. When the $ cubic centimeter volume was obtained, the solution 
was a pale brownish-pink color. Hence, faint traces of iron and nickel 
could not be excluded by the tests. Since this cold trap condensate 
sample was collected over a period of thirty-two hours, the amount of 
nickel and iron in the effluent carbon monoxide from the reactor was 
indicated to be very small. 
Presumably, the major portion of the cold trap condensate from 
Runs 28, 2a and 3a was water. If it was water, estimates for Run 2a 
showed that the amount in the carbon monoxide was about 0.1 volume per 
cent. This same order of magnitude is also true for the "water content" 
of the effluent carbon monoxide in Run 3a. 
Cold trap operation at -80" C. is satisfactory for condensing 
rather low concentrations of iron and nickel carbonyls, However, 
significant amounts of these carbonyls can pass through the trap un- 
condensed. For example, N ~ ( C O ) ~  concentrations of the order of 0.01 
volume per cent will pass through a cold trap maintained at -80" C. 
Since F~(CO) is similar in volatility to N~(CO)~, concentrations of 5 
F e ( ~ 0 ) ~  of the order of 0.01 volume per cent will also pass through a 
cold trap maintained at -80" C. Although such concentrations are low, 
the quantity of equivalent metal to these concentrations reaches 
significance in terms of quantities of metal involved in corrosion 
processes. For this reason, if extensive future research is done to 
explore gas phase reaction products formed from carbon monoxide with 
metals, such as studied in this work, it is suggested that cold trap 
operations be carried out near -120" C 
X-ray Fluorescence Analyses.--X-ray fluorescence analyses were made on 
three surface deposit samples and on two types of wire specimens. This 
information was considered semi-quantitative, but it definitely supported 
the chemical analyses of the surface deposits discussed on page 50. Fur- 
ther, tests on "as received" samples of the stainless steel wires and 
samples of cleaned wires from Run 25 showed that the exposed wires had 
higher relative contents of chromium than the "as received" wires. This 
was compatible with the chemical analyses of the surface deposits which 
indicated low chromium contents (relative to iron and nickel) of the 
deposits. The fluorescence data (u peaks of Fe, Cr and IVi) were used 
to approximate the composition of the surface of the sample from Run 25. 
Results of these tests are as follows: 






67.6 weight per cent 
20.4 weight per cent 
10.1 weight per cent 
0.1494 
As Received (~ssumed) 
68.5 weight per cent 
19.3 weight per cent 
10.3 weight per cent 
0.1504 
For these analyses, 15 wires were used for each X-ray specimen. Four 
"as received" and three Run 25 exposed wire specimens were analyzed. 
Three radiation counts ( ~ e i ~ e r  tube counts per second) were measured at 
each of the Koe peaks for iron, nickel and chromium, on every specimen. 
There were statistical variations in the results, but in no case were 
there inconsistencies. That is, the relative amounts of chromium (to 
iron and nickel) in the exposed wires were consistently higher than in 
the "as receivedT1 wires. The above compositions are based on averages 
of all the analyses. The method of calculation involved the following 
assumptions: 
1. Composition of the "as receivedT' wires. 
2. Radiation counts proportional to atomic percentages. 
3. Fluorescence interaction effects in the exposed wires 
proportional to those in the "as received" wires. 
Combined total of 98,1 weight per cent Fe, Cr, and ITi 
in both type wires. 
Of course, the calculations are rough approximations. And, the X-rays 
do not penetrate the wires more than distances of the order of 0.001 
inch. Thus, slightly higher chromium contents in the exposed wire 
surface areas was concluded. Ehen though slight, the chromium composi- 
tion differences were nevertheless significant. 
X-ray Diffraction Analyses.--X-ray diffraction analyses were made on the 
untreated, or "as received", nickel, Inconel and stainless steel wires. 
Also, a number of analyses were made on treated wire specimens and 
surface deposits. The differences in diffraction patterns for treated 
specimens and untreated specimens were, in general, very slight and, 
indeed, not enough to reach definite conclusions. At most, the presence 
of graphitic carbon was indicated on the treated wire specimens, based 
on the appearance of the most intense diffraction line for graphite 
n 
(d = 3.37 A ) .  On the other hand, some surface deposit analyses suggested 
the presence of materials other than graphite. Appendix C, pages 124-128, 
shows the results of the more promising diffraction patterns. Included 
in Appendix C are patterns of the untreated wire specimens. Only the 
more intense lines (111~ greater than about 10) are reported in Appendix 
C .  To illustrate the extent of the numbers of faint diffraction pattern 
lines, two detailed patterns are given in Table VIII. They are representa- 
tive of the more complicated X-ray patterns obtained. 
There were possible differences in the less intense diffraction 
lines for the different specimens. However, extensive study of these 
patterns did not produce any satisfactorily definite conclusions con- 
cerning the source materials for differences in diffraction results. 
X-ray diffraction information of the American Society for Testing Ma- 
terials (26) was used in the study of the various experimental diffrac- 
tion patterns. In particular, on the carbonaceous surface deposits, no 
positive identification of the following metallic materials could be 
made: Cr3C2, Cr7C3, Cr23C6, Cr, "F~c", Fe2C, Fe C, Fe 
3 
20Cg, KFe, Ni C 3 
and Ni. Especially confusing in these analyses, however, was the. fact 
that nearly all the above materials have very strong diffraction line 
0 
intensities at d values between about 2.00 and 2.06 A. The best analysis 
was considered to be that of the diffractometer pattern for a surface 
deposit from Run 25 in Appendix C (Analysis 9). The strong intensity 
0 
at d = 3.37 A in this analysis suggests graphitic carbon. The strong 
0 
intensities at d = 2.02 -2.06 A (I/I~ = 75) and at 1.78 (I/I~ = 28) 
suggests nickel or nickel alloy-like material. The strong intensity at 
d - 2.02 (I/I~ = 100)) supported by the weaker intensities at d = 1.44 
0 
and 1.16 A (I/I~ = 10) suggests OCFe or a body centered iron-nickel alloy 
type material. 
Table VIII 
Detailed Results of Complicated X-ray Diffraction Patterns of Carbonaceous Deposits 
Run Number: 24/26. Type X-ray Sample: Surface Deposit. 
Radiation: Molybdenum (45 KV, 20 ma). Filter : Zirconium. 
d: 3.39 2.51 2-40 2.26 2.05 1.97 1.87 1.79 1.70 
I: VS* P P P VS* VVW VW M* VW 
Method: Powder Camera. 
Exposure: 12 hours. 
1.47 1.42 1.33 
P VW F 
Type X-ray Sample : Surface Deposit. Method: Diffractometer. Run Number: 25. 
Radiation: Molybdenum (45 KV, 20 ma). Filter: Zirconium. Scan: 28 = 50') -$"/minute. 
d = lattice spacing, i(. I = intensity. 111 = relative intensity. M = medium. 
0 
P = possible. S = strong. V = very. W = weak. 
-K 
Intensities recorded and structure tentatively identified in Appendix C, pages 124-128. 
jCjC 
Intensities recorded in Appendix C, but structure not tentatively identified. 
It may be noticed in Appendix C that X-ray diffraction analyses 
were not made on surface deposit material from the nickel and Inconel 
wires, except on the surface of the wires. This was because of the 
limited quantity of deposited material on all of these specimens. Only 
by scraping the wires could enough material be obtained from the nickel 
and Inconel samples. This, of course, would have resulted in scraping 
surface metal off and hence confusing the analysis even further. There- 
fore, coated wire specimens were placed directly into the diffraction 
camera for analysis. In the case of stainless steel samples, sufficient 
amounts of surface deposits allowed collection of X-ray diffraction 
samples by merely tapping the wire specimens and collecting the material 
which fell from the wires. The surface deposits fell from the wires 
onto clean glossy finish paper. In every case, the entire deposit on 
the collection paper could be lifted with a small magnet. Nearly all 
the surface deposit from Rim 25 was collected in this manner in order to 
get sufficient material for an X-ray diffractometer specimen. Although 
the sample was small compared to most diffractometer specimens, a 
diffraction trace was obtained. This same specimen was used to estimate 
crystallite size for the material which was presumably graphite (d = 
3.37 i). This crystallite size was estimated to be about 200 i. Estima- 
tion of crystallite size for the metallic materials (d = 2.02 -2.06) was 
not possible because of overlap of the diffractometer peaks in this 
analysis. 
Microscopic Examinations.--Various specimens of carbonaceous surface 
deposits and wires were observed microscopically. Examination showed 
a number of meta l l i c - l ike  p a r t i c l e s  enmeshed i n  t h e  surface deposits .  
Figures 6 and 6a show examples of l a rge  meta l l i c - l ike  p a r t i c l e s  i n  the  
surface deposits  of carbonaceous mater ia l ,  %nis pa r t i cu l a r  wire speci- 
men i s  from Run 30. Figure 6, P l a t e  2 shows a number of ra ther  small 
p a r t i c l e s  and one ra ther  l a rge  p a r t i c l e  i n  a top view. Figure 6a shows 
a s imi la r  p a r t i c l e  i n  a s ide  view. Since t he  wire surfaces a re  not 
f l a t ,  these  p ic tu res  had t o  be taken a t  low magnifications ( 1 0 ~  and 25X 
negat ives) ,  Even a t  these low magnifications, t he  major por t ion of t h e  
wires are  out of focus i n  order t o  allow sharper focus on t he  pa r t i c l e s .  
Also seen i n  Figure 6 i s  a reasonably good view of the  nat-ure of the  
carbonaceous deposit .  
Att,ernpts were made t o  quantify t he  number of p a r t i c l e s  i n  t h e  
surface deposits .  This, of course, was qui te  d i f f i c u l t  t o  do, but 
approximate p a r t i c l e  counts were made i n  t he  following manner. A one 
inch long wire specimen was ca re fu l ly  taken from the  exposed samples 
of s t a in l e s s  s t e e l  wires from Runs 12, 26, 27 and 32, a s  well  a s  from 
the  "as received" s t a i n l e s s  s t e e l  wire. These one inch wire specimens 
were observed microscopically a t  4 0 ~  magnification and the  numbers of 
metal l ic- l ike  p a r t i c l e s  on one s ide  of the  wires were counted. The --
w-ires from Runs 12, 26, and 27 were then tap7ed and t he  l a rge s t  p a r t  
~f t he  carbonaceous deposits  were thus removed from the  surface.  These 
wires were again observed and p a r t i c l e  counts were made. Finally,  
p a r t i c l e  counts were made on the  specimens from Runs 12, 26 and 27 a f t e r  
wiping the  wires with lens  t i s sue .  &sproximate p a r t i c l e  s i z e s  were 
estimated by c lass ing t he  individual  p a r t i c l e s  a s  being near a f r ac t i on  
. . 
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Example of Large Metal-like Particle (circle) in Carbonaceous Deposits on Surface of Wire from 
Run 30. Magnification: Enlargement to about 200X from 10X negative. Large Particle on top of 
wire as viewed in microscope, for photograph. 
PLATE 2 
Same Specimen and View as in Plate 1, above. Enlargement to about 500X (25X negative) showing 
detail of other smaller metal-like particles in surface deposit. 
Figure 6 .  Examples of Metal-like Pa r t i c l e s  i n  Carbonaceous Deposits on 
Surface of Type 304 Stainless Steel Wires. 
WlRE SURFACE 
OUT OF FOCUS 
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Large Metal-like Particle (circle) in Carbonaceous Deposits on Surface of Wire from Run 30. 
Magnification: Englargement to about 200X from 10X negative. Particle protruding from side 
of wire as viewed in microscope for photograph. 
PLATE  2 
Same Specimen and View as in Plate 1, above. Magnification: Enlargement to  about 500X 
from 10X negative. 
Figure 6a. Examples of Metal-like Particle in Carbonaceous Deposits on 
Surface of Type 304 Stainless Steel Wire. 
of the wire diameter (0.01 inches) in size. Results of the counts are 
given in Table IX. In all the counts of Table IX, only -- one side of the 
one inch long wire specimens was observed. All particles observed were 
counted and one of the sizes shown in. Table IX was assigned to each 
particle. That is, each approximate size indicated represents a narrow 
distribution of sizes in reality. For clarity, the accompanying descrip- 
tion and results of Runs 12, 2 6  27 and 32 are repeated in Table IX. 
Metallurgical Examinations.--A number of metallurgical examinations were 
made. For example, specimens were examined from Runs 3, 9, 12, 17, 24 - 
27, as well as "as received" wires. Only a few examinations were made 
on specimens from all of these runs except Runs 17 and 26. Run 26 showed 
the most promising results and consequently, effort was concentrated on 
these specimens. 
Run 3 was made using nickel wire specimens. Metallurgical examina- 
tion of samples of this specimen revealed little, if any, discernable 
changes in the wire cross-sections which were observed. Similarly, no 
significant changes were observed on the Inconel specimen of Run 9. It 
is unknown whether localized attack of either the Inconel or nickel 
specimens had taken place. Attacked zones in the wires were extremely 
difficult to find using normal metallurgical techniques. The difficulties 
arose, primarily, from the inherent complexities of examination of small 
samples with localized, and indeed small, surface changes. However, an 
examination of a sample of RuE 17 showed promising results for the first 
time. Localized intergranular attack of this specimen was found. Changes 
in wire diameters were of immeasurable magnitude for all specimens analyzed. 
Table I X  
Approximate Metal l ic- l ike  P a r t i c l e  Sizes and Counts i n  
Carbonaceous Surface Deposits on Ty-pe 304 S t e e l  Wires 
Observed surface:  1 s ide  of 1 inch long wire. 
D = wire diameter (0 .01 inch) ,  d - approximate p a r t i c l e  diameter. 
Total  
Number of 
Pa r t t c l e s  
loo J 
Approximate Numbers and Sizes 
of Pa r t i c l e s  Observed 




Run 12, tapped 
Run 12, wiped 
Run 27 
Run 27, tapped 
Run 27, wiped 
Run 26 
Run 26, ta.pped 
Run 26, wiped 
Exposure Conditions: 
* 
Run 12: 16 hours, 0.97 SCFH CO, 1020" F., 0.15% weight gain. 
* 
Run 26: 120 hours, 0.92 SCFH CO, 1065 " F., 2.11% weight gain. 
* 
Run 27: 16 hours, 0.29 SCFH CO, 1105" F., 1.4% weight gain. 
* 
Run 32: 1 7 t  hours, ca. 1 SCFH N2, 1065 " F. 
++ 
SCFH = standard cubic f e e t  per hour. 
This, however, was not  unusual, s ince  uniform surface a t tack,  i n  very 
severe cases, would t heo re t i c a l l y  r e s u l t  i n  a diameter decrease of abou-L 
0 . 1  per cent  ( c i r c a  0.00001 inch).  This est imate i s  based on a metal 
content of about 10 weight per  cent  i n  a heavy carbonaceous deposit .  A 
heavy carbonaceous deposit  was considered t o  be about 2 per  cent  of t he  
wire weight. Further, the  est imate does not  take  i n to  account t h e  
penetra t ion of carbon i n to  t h e  wires.  Hence, meta l lurgical  examina- 
t i ons  suffered considerable l imi ta t ions .  
Samples were prepared by mounting t he  wire specimens In  a cold 
s e t t i n g  epoxy r e s i n  ( f i v e  p a r t s  by weight of Bakeli te  ERL2795 epoxy 
r e s i n  mixed with one p a r t  of Bakeli te  ~ ~ ~ ~ 0 8 1 4  hardener) .  These mounted 
specimens were then ground down and polished through A. Buehler's 1557 
AB Gamma Polishing Alumina Number 3 o r  1554 AB Metpolish Number 3. 
Various specimens were observed f o r  signs of a t t a ck  on the  metals. n a  
s t a t ed  e a r l i e r ,  d e f i n i t e l y  at tacked areas  were d i f f i c u l t  t o  locate .  How- 
ever, a few cases of in tergranular  a t t a ck  of t h e  Type 304 s t a i n l e s s  s t e e l ,  
i n  loca l i zed  areas,  were very d e f i n i t e l y  observed. I l l u s t r a t i o n s  of t he  
in tergranular  a t t a ck  a r e  shown i n  Figures 7 and 8. The p ic tu res  shown 
i n  Figure 7 were taken of a sample from Run 26 ( C O  exposure f o r  120 
hours at  1065' F.) ,  and they represent  the  highest  degree of in tergranular  
a t t a c k  which was observed i n  any s ing le  cross-sect ional  examination. In- 
cluded i n  Figure 7 a r e  views of the  following: 
1. Specimen from Run 26 unetched. 
2. Specimen from Run 26 etched. 
A higher magnification of a sect ion of the  above two wire p i c tu r e s  is  
given i n  Figure 7a. A l l  t h e  above mentioned p ic tu res  were taken or +he 
PLATE 1 
Cross-sectional View of Sample from Run 26. Magnification: 200X. No Etch. 
PLATE 2 
Same Sample as in Plate 1, After Etching. Magnification: 200X. Etchant: 40% Marble's 
Reagent in Glycerin. 
Figure 7. Type 304 Stainless Steel Wire Specimen Showing Intergranular 
Attack by Exposure to Carbon Monoxide. 
PLATE 1 
Section of Sample i n  Figure 7, Plate 1. Magnification: 500X 
PLATE 2 
Section of Sample in Figure 7, Plate 2. Magnification: 500X. Note that th is i s  same section 
as in Plate 1, above, after etching specimen. 
Figure 7a. Type 304 Stainless Steel Wire Specimen Showing Intergranular 
Attack by Exposure to Carbon Monoxide. 
PLA'TE 1 
Type 304 Steel Wire in Cross-section From Run 26. Magnification: 250X. Etch: None. 
PLATE 2 
Type 304 Steel Wire and Metal-li ke Part ic le Near Surface. Sample From Run 26. 
Magnification : 250X. Etch: None. 
Figure  8. Other Examples of Ef ' fcc t  o r  Carbon I,bnoxiC; on T:?e 304 L t a i ~ l e s s  
S t e e l  a t  A b o ~ t  1065" F. 
same specimen. The unetched specimen from Run 26 c l e a r l y  shows i n t e r -  
granular  a t t ack .  The etched specimen photograph subs tan t ia tes  t h a t  t he  
a t t a ck  i s  d e f i n i t e l y  in tergranular .  After  etching, t h i s  same sample 
was repolished (using only 1554 A .  Metpolish Number 3) i n  order t o  
prepare the  sample f o r  e lec t ron  micro-probe analys is .  While repolish- 
ing t h i s  sample, a few of the  at tacked gra ins  were completely removed 
by the  l i g h t  polishing operation. The g ra in  removal i s  shown i n  t he  
photograph of the  repolished specimen i n  Figure 9, P l a t e  2 .  For 
purposes of comparison, a cross-sect ional  view of an "as received" 
sample of the  Type 304 s t a i n l e s s  s t e e l  wire i s  a l so  shown i n  Figure 9. 
* 
Electron Micro-probe Analyses.--An e lec t ron  micro-probe analyzer was 
used t o  analyze individual  gra ins  of the  at tacked specimen (repolished) 
from Run 26 which w a s  discussed above. Also, attempts were made t o  
analyze some of t he  meta l l i c - l ike  p a r t i c l e s  i n  t he  carbonaceous surface  
deposi ts  using t he  e lec t ron  micro-probe analyzer. Photographs of t he  
analyzed specimen, with i den t i f i c a t i on  of t he  points  of analys is ,  are 
given i n  Figure 10. Results of t he  e lec t ron  micro-probe analyses a r e  
given i n  Table X below the  photograph i n  Figure 10. 
* 
A n  e lec t ron  micro-probe analyzer i s  an ana ly t i c a l  ins  trunent i n  
which a beam of high energy e lect rons  i s  directed. onto an ana ly t i c a l  
specimen i n  a very small area .  Electron beam width and control  of beam 
path allow analys is  of a region approximately one micron i n  diameter. 
Through absorption of some of t he  energy of t he  e lec t ron  beam, inner 
s h e l l  e lec t rons  of the  specimen mater ia l  a r e  excited.  Outer s h e l l  
e lec t rons ,  i n  f a l l i n g  i n to  the  inner vacancies, emit cha r ac t e r i s t i c  
X-radiation. This rad ia t ion  i s  metered by a Geiger counter and i s  an 
indicat ion (by spec t r a l  p i n c i p l e s  ) o.f composition of t he  specimen. 
The e lec t ron  micro-probe analyzer used i n  t h i s  work was made ava i lab le  
through t he  courtesy of In te rna t iona l  Nickel Company, Incorporated. 
PLATE 1 
Specimen of as Received Wire. Magnification: 200X. No Etch. 
PLATE 2 
Specimen: Sample from Run 26. Same Specimen as  in Figure 7 after repolishing. Magnification: 
250X. Note loss of grains by repolishing. 
Figure 9. Cross-sec t ional  Views of Type 304 S ta in less  S t ee l  Wires. 
SAMPLE FROM RUN 26 AT 250X - REFER TO PLATE 2, FIGURE 9 
Figure 10. Electron Micro-probe Analyser Specimen From Run 26.  
TABLE X 
ELECTRON MICRO-PROBE ANALYSER RESULTS 
APPROXIMATE COMPOSITION, 
ATOMIC PER CENT 
LOCATION (REFER TO FIGURE 10) Fe Cr N i  
Matrix, near center of wire. 66.0 23.2 7.8 
Particle A, near center. 
Boundary obout Particle A. 
Particle B, near center. 
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The sample of carbonaceous surface deposit  shown i n  Figure 11 was 
prepared from mater ia l  dusted from the  wire sample from Run 25. This 
1 sample was s l i g h t l y  compressed i n  the  shape of a hemisphere about inch 
i n  diameter and mounted i n  t he  epoxy res in .  This mounting was done i n  
much the  same manner as t h a t  f o r  the  wire specimens. The mounted deposit  
sample was then ground down and polished through A. Buehler 's 1554 
Metpolish Number 3. I n  an attempt t o  analyze t h i s  sample with the  
e lec t ron  micro-probe analyzer, t he  polished specimen was f i r s t  coated 
with a very t h i n  f i lm of evaporated carbon. This carbon was coated on 
the  specimen f o r  t he  purpose of conducting e l e c t r i c a l  charge away from 
the  surface on e q o s u r e  t o  the  e lec t ron  beam. Pa r t i cu l a r l y  when t h e  
e l e c t r i c a l  conductivi ty of t he  analyzer specimens is  low, t he  path  of 
the  e lec t ron  beam cannot be control led  well.  Results  of t he  analys is  
of the  deposit  sample were not  considered sa t i s fac to ry .  However, 
r e f e r r i ng  t o  Figure 11, t h e  l a rge  p a r t i c l e  ( c i r c l e )  was found t o  be 
high i n  s i l i c o n  and i s  suspected t o  have been embedded the re  when pol- 
i shing the sample with s i l i c o n  carbid.e. A few other  smaller meta l l i c  
p a r t i c l e s  near the  l a rge  p a r t i c l e ,  di.scussed above, were examined with 
t he  micro-probe analyzer. Appreciable amounts of i ron  and s l i g h t  amounts 
of n icke l  were indicated.  These p a r t i c l e s  gave no indicat ions  of having 
measurable chromium contents. 
Tests  f o r  Sens i t i za t ion  of Ty-pe 304 Sta in less  Steel .--Tests  f o r  s ens i t i z a -  
t i o n  f o r  in tergranular  a t t a ck  of the  Type 304 s t a i n l e s s  s t e e l  wires were 
made i n  the  following manner. One wire specimen was placed i n  the  ex- 
perimental r eac to r  i n  an atmosphere of nitrogen, at  1065' F., f c r  = 
P L A T E  1 
Surface Deposit Specimen Mounted in Epoxy Resin. Magnification: 250X. Deposit Source: Run 25. 
P L A T E  2 
Specimen of Plate 1, above, Showing Carbonaceous Material Littered With Metal-like Particles in 
Epoxy Resin Mounting. Magnification: 100X. 
Figure 11. Carbonaceous Surface Deposit Specimen Mounted for Electron 
Micro-probe Analysis. 
period of 8 hours. A second wire specimen was likewise heat-treated for 
16 hours. Samples of each of these heat-treated and a sample of "as 
received" wire were placed in boiling nitric acid (concentrated) for 
periods of 8, 16, and 24 hours. These nine samples were each welgheu 
before and after acid treatment. Weight loss of the specimens tended 
to increase with both heat-treatment time and acid treatment time. This 
is shown in the following tabulation, which gives weight losses as 
weight percentages for the various specimens. The specimen sizes ranged 
in weight from 1.7468 to 2.0050 grams. 
Weight Usses of Type 304 Stainless Steel Wires After 
Heat Treatment at 1065" F. and Boiling in Nitric Acid 
Hours of 
Heat Treat 
at 1065" F~ 
Weight Losses of Wires After Indicated 
Hours of Boiling in Concentrated HNO 
3 
8 hours 1.6 hours 24 hours 
The above discussed test is a modified Huey test. Microscopic examina- 
tion of cross-sections of these wires showed only surface attack, by the 
acid, but no intergranular attack. 1% was concluded that heat treatment 
for 16 hours at 1065' F 4id not produce sensitization of the stainless 
steel. 
Y7 
"Boiling Nitric Acid Test for Corrosion Resisting Steels", 
A. S. T.M, Designation A262-55T, A. S. T.M. Standards, Part 1, ~errous 
Metals, 1955) 1108-1118. 
Examination of a Specimen of Inconel Used i n  Indus t r i a l  Service.--A 
specimen, i l l u s t r a t i n g  t he  long term dest ruct ive  e f f ec t s  of gases con- 
t a in ing  carbon monoxide, was b r i e f l y  studied i n  the  present ly  discussed 
research. This specimen was a f i e l d  sam-ple i n  the  form of a p l a t e  approxi- 
mately th ree  inches by f i v e  inches, The mater ia l  was Inconel and it was 
3/16 inch p l a t e  stock. The sample had about 20 p i t s  on t he  s ide  which 
had been exposed t o  gas containing carbon monoxide, hydrogen, and nitrogen 
a s  p r inc ipa l  const i tuents .  The p i t s  were near ly  hemispherical and varied 
i n  diameter from about l/8 inch t o  3/8 inch. D r .  E. N. Skinner, of In te r -  
na t iona l  Nickel Company, Inc , ,  described t h i s  p l a t e  a s  pa r t  of a car-  
burizing atmosphere generator. The generator burned na tura l  gas with 
control led amounts of air. The burned gas was passed over n icke l  c a t a ly s t  
t o  generate carbon monoxide and hydrogen from the  excess na tura l  gas, 
water, and carbon dioxide. The generator was operated a t  temperatures 
near 1700" F. However, the  locat ion of a t t ack  of t h e  Inconel generator 
w a l l  was i n  a zone where t he  temperature was cooler than 1700° F., a l -  
though the  exact temperature of t h i s  zone w a s  unknown. This pa r t i cu l a r  
pa r t  of t he  Inconel wall  was jus t  outside the  furnace which heated t he  
generator. Carbon deposit ion was observed i n  t he  at tacked a rea  of t h e  
generator. The generator had been i n  operation f o r  about a year when t he  
p i t t e d  sample was removed. 
There were no loose carbonaceous deposits  on the  surface of the  
Inconel f i e l d  specimen a f t e r  it was removed and handled. However, a 
small amount of compact carbonaceous deposit  remained i n  t he  hemispherical 
p i t s .  For t h e  present ly  discussed examination some of t h i s  deposit  was 
removed. The deposit  w a s  ferro-magnetic. An X-ray d i f f r ac t i on  analys is  
of t he  deposit  i s  given i n  Appendix .a, Analysis 11, page 128. This 
d i f f r a c t i on  pa t t e rn  was very s imi la r  t o  d i f f r a c t i on  pa t t e rns  obtained by 
ana lys i s  of carbonaceous deposi ts  on t he  s t a i n l e s s  s t e e l  wire specimens 
of t he  present  experimental work. Microscopic examination of t he  Inconel 
f i e l d  specimen revealed t h a t  it had been attacked, in tergranular ly  i n  
local ized areas.  This a t t a ck  w a s  s i m i l a r  t o  t h a t  observed on t he  
s t a i n l e s s  s t e e l  wires i n  the  present ly  discussed experimental work. 
P i t t i n g  of t he  specimen w a s  apparently t he  r e s u l t  of continued loca l i zed  
in tergranular  a t t a ck  of the  metal by the gaseous atmosphere. 
CHAPTER V 
ANALYSIS OF RESULTS, CONCLUSIONS AND RECOMMENDATIONS 
Discussion and Analysis of Results.--Essentially, the experimental re- 
sults of this research dealt with the following: 
1. Temperature dependency of carbonaceous weight gains on 
Type 304 stainless steel wires when exposed to carbon monoxide. 
2. Effect of carbon monoxide exposure time on the amount of 
carbonaceous deposits of 1. 
3. Analytical inspections of the stainless steel wires and 
surface deposits for indications of possible solid state reaction 
intermediates. 
4. Qualitative tests for metal carbonyls in the experimentally 
exposed carbon monoxide. 
5 .  Limited investigation of the effects of carbon monoxide on 
commercially pure nickel and Inconel wires. 
In the following discussion and analysis of results, subjects 
which are considered are: 
1. Variability of the amounts of carbonaceous weight gains OIL 
the stainless steel wires which were exposed to carbon monoxide at 
920-1100" F. 
2. Limitations of the indicated effects of temperature on the 
amounts of carbonaceous weight gains of exposed wires. 
3. Comparison of amounts of carbonaceous weight gains with 
those obtained on similar materials in other research. 
4. Mathematical determinations of activation energies of re- 
actions producing carbonaceous surface deposits. 
5.  Limitations of analytical inspections of the carbonaceous 
surface deposits for metal components. 
6. Mathematical determination- of activation energies of re- 
actions which produce carbon in the main body of exposed stainles~ 
steel wires. 
7 .  Comparison of activation energies of 6 with the activation 
energies for diffusion of carbon monoxide and carbon in some pure 
metals. 
8. Brief discussion of the limited experimental results on 
Inconel and nickel. 
9. Theoretical discussion of unstable reaction intermediates. 
,J. Inferences from experimental findings concerning the 
mechanism of carbon monoxide attack on Type 304 stainless steel. 
Carbonaceous Weight Gains of Type 304 Stainless Steel Wires.--Upon i~, 
spection of Figure 4, page 45,one sees that the amounts of carbonaceous 
deposits on the wire surfaces were reasonably variable even at essential13 
fixed exposure conditions. Potential sources of variability in this 
system were temperature accuracy, gas purity, loss of deposit matter by 
gas entrainment, and normal non-uniformities in composition and surface 
characteristics of the wire specimens. 
Likely, the variability of actual temperatures, compared to in- 
dicated ones, were well within the limits of - + 1 5 O ~ .  This is the rated 
accuracy of the instruments which were given by the supplier. Some t e s ~  
work ( r e f e r  t o  t h e  descr ip t ion or' apparatus on pages 115-116) indicated 
t h a t  t he  reac to r  temperature recorder-controller  accuracies were wel l  
within the  ra ted  values. However, approximately two-thirds of t he  
s c a t t e r  i n  t he  da t a  of Figure 4 i s  within the  range equivalent t o  - + 15" F. 
mus ,  temperature accuracy i s  sure ly  a s i gn i f i c an t  f a c t o r  i n  va r ia t ions  
of experimental r e su l t s .  A review of experimental notes revealed t h a t  
da t a  which deviated most from t h e  graphical  curve of Figure 4 were ob- 
ta ined with carbon monoxide containing about 0.5-0.6 volume per cent  
carbon dioxide. Normally, t he  cyl inder  carbon monoxide contained l e s s  
than 0.2 volume per  cent  carbon dioxide, even a f t e r  long standing. How- 
ever, Runs 14 and 16 were made with carbon monoxide which had apparently 
decomposed more than usual .  This suggested t h a t  carbon monoxide pu r i t y  
was a l s o  a p o t e n t i a l  source of appreciable v a r i a b i l i t y .  Carbon monoxide 
r a t e  i s  a p o t e n t i a l  source of v a r i a b i l i t y  from the  point  of view of 
surface  deposit  entrainment by the  gas. Four of the  points  i n  Figure 4 
were obtained with carbon monoxide r a t e s  of about 0.3 standard cubic 
f e e t  per hour. The other  data  i n  t h i s  graph were obtained with carbon 
monoxide r a t e s  near one standard cubic foo t  per  hour. Concerning 
poss ible  entrainment, it i s  noteworthy t h a t  th ree  out  of four  of t h e  
points  with lower gas r a t e s  a r e  above the  curve. 
I n  attempts t o  quantify the  va . r iabi l i ty  i n  Figure 4, an approxi- 
mate s t a t i s t i c a l  e r r o r  analys is  w a s  made. This analys is  w a s  based on 
deviat ions of measured weight gains from the  graphical  curve values.  
For the  analysis ,  deviat ions ( individual  weight gains minus the  curve 
values)  were taken from Figure 4. These deviat ions were converted i n t o  
percentages of t he  weight gains given by t he  curve. These percentages 
were treated as normal or Gaussian error statistics. Results of this 
analysis were: -9 per cent average deviation from the curve with a 
standard error of 43 per cent. Although less variability was desirable, 
the amount indicated is reasonable, since a catalytic process is in- 
volved. 
In order to represent the data of Figure 4 analytically, an 
Arrhenius relationship (rate proportional to exponential -b/~) between 
weight gains and temperature was assumed. Only data which were obtained 
with a carbon monoxide rate near one standard cubic foot per hour and 
a carbon dioxide content of less than 0.3 volume per cent were used. 
Thus, data from Runs 12, 13, 18, 19, 20, 21, 25, 27, 29, 30, and 31 were 
used in these calculations. All of these experiments were made with 
sixteen hours exposure times. Weight gains, w, were assumed to be 
theoretically expressed a?. 
where, w = weight gain in 16 hours exposure, weight per cent. 
a = a constant. 
e = base of the natural logarithm. 
b = activation energy of the rea~tion/~as constant, OR. 
T = absolute reaction temperature, O R .  
Obtaining natural logarithms (denoted. by ln) of both sides of equation (l), 
one has, 
A l e a s t  squares f i t  of the  data t o  equation (2) was obtained and t he  
r e su l t s  were: 
I n  a = 25.7322 
b = 40,151 degrees Rankine. 
The estimated standard deviation of b was - + 5,835 degrees Rankine. Thus, 
the  estimated value of b f o r  t he  surface deposit  react ion (t - 2 standard 
devia t ions)  w a s  taken a s  approximately 40,150 (+ - 11,500) degrees. This 
i s  equivalent t o  an ac t iva t ion  energy of about 44,300 (+ - 12,850) ca lor ies  
per  mole. 
Experimental r e su l t s  indicated th3 t  r a t e s  of carbonaceous weight 
gains tended t o  decrease when exposure periods were from 16 t o  120 hours. 
For example, carbonaceous weight gains i n  Runs 24 and 26 were both near 
2.1 per  cent. These m s  were made a t  1065 " F. However, the  exposure 
times f o r  these  two runs were 32 and 120 hours, respectively.  Even i n  
view of system va r i ab i l i t y ,  it must be concluded t h a t  r e ac t i v i t y  tends 
t o  decrease with time. The weight gain of Run 24 does appear high i n  
comparison t o  the  average value f o r  16 hour runs at  1065" F. For example, 
Figure 4 indicates  a weight gain of about 0.56 weight per  cent a t  1065 " F. 
for 16 hours exposure. Since t h e  weight gain f o r  Run 24, above, i s  in-  
d icated t o  be more than twice t h i s  value, one might suspect t h a t  re-  
a c t i v i t y  increased between 16 and 32 hours exposure. However, t h i s  i3 
considered t o  be due t o  experimental e r r o r  and not necessar i ly  a r e a l  
e f f ec t .  Further, enough experiments at  32 hours exposure times t o  pre- 
pare a graph similar t o  Figure 4 was considered un jus t i f i ed  t o  resolve 
t h i s  question a t  the  expense of o ther  problems of more concern. The 
point  i s  t h a t  r e a c t i v i t y  i s  indicated t o  decrease with time. Decrease 
of a c t i v i t y  with time i s  not e n t i r e l y  surpr iz ing.  One needs only t o  
consider the  f a c t  t h a t  deposit ion i s  taking place.  Further, o thers  
have experienced s imi la r  f indings.  For example, Baukloh and Heiber (13)  
obtained weight gains of carbon (according t o  these  research workers) 
on powdered i ron  upon exposure t o  carbon monoxide. These weight gains 
were orders  of magnitudes g r ea t e r  than those found i n  t he  present  ex- 
perimental work. For example, ca1cu:Lations indicated t h a t  Baukloh and 
Heiber obtained weight gains of the  order of 10 t o  40 grams/hour/fpot 2 
when i ron  powder was exposed t o  carbon monoxide a t  about 1065" F. f o r  
30 minutes. This deposit ion f l ux  cannot be compared d i r e c t l y  with t he  
r e s u l t s  on the  s t a i n l e s s  s t e e l  wires. Obviously, d i r e c t  comparison i s  
l imi ted by di f ferences  i n  the  composition and physical  s t ruc tu re  of the  
metal specimens, exposure times and o ther  experimental f a c to r s .  However, 
Table V I ,  page 49, shows t h a t  weight gains were about 0.0148 grams/hour/ 
2 
foot  when the  s t a i n l e s s  s t e e l  wires were exposed t o  carbon monoxide fc-  
16 hours a t  1065" F., i n  the  present  experimental work. Baukloh and 
Heiber do, however, indicate  t h a t  the re  was ari optimum exposure time 
with respect  t o  deposit ion r a t e .  Their da ta  indicated an increase i n  
deposit ion r a t e  with t i m e  up t o  about 4 hours exposure. After  about 
four hours, t he  deposit ion r a t e s  decreased. 
Figure 4 shows a steady increase i n  weight with increasing 
temperatme, a t  constant exposure time. It i s  believed l i ke ly ,  however-, 
i n  view of the  r e s u l t s  of Baukloh and others ,  t h a t  a maximum weight gain  
would have been found a t  s t i l l  higher temperatures. For example, Baukloh 
and Heiber (13) concluded that approximately 550- C. was optimum for 
weight gains of iron and iron oxide powders when subjected to carbon 
monoxide. Berry, Arnes and Snow (12) showed similar results on ferric 
oxide powders which were exposed to carbcn monoxide and carbon monoxide- 
hydrogen mixtures. The maximum weight gains indicated by these in- 
vestigators occurred between about 900 and 1200' F. They showed 
essentially no deposition below about 700' F. and above about 1300' F. 
The Babcock and Wilcox Company data given in Table IV, page 28, was 
analyzed for temperatures of maximum weight losses of some of the 300 
and 400 series stainless steels. In the analysis, the percentage weight 
losses were expressed as a third degree polynomial in temperature by 
methods of least squares curve fitting. These polynomials were dif- 
ferentiated and the temperatures of maximum weight loss were estimated. 
Typically, the critical temperatures were in the range of 1160 to 1270" F. 
In particular, the critical temperature for Type 304 stainless steel 
was estimated to be about 1190" F. The relationship of the weight loss 
experience of Babcock and Wilcox to the weight gains under present study 
is uncertain. However, the results of the study of the Babcock and 
Wilcox information is presented in further support to the proposal of 
critical, or extremum, temperatures in the range of 1000 to 1300" F. 
Inspections of Wire Specimens and Surface Deposits.--Figure 7, Plate 1 
clearly shows that inte~g~anular attack of the wire specimens took place 
on exposure of the stainless steel to carbon monoxide. Several analytical 
techniques were used in attempts to determine the products of the attack 
and/or the composition of the intergranular material. These analytical 
methods included (a) chemical and X-ray fluorescence analys is  of t he  
surf ace deposits ,  (b )  X-ray d i f f r ac t i on  analys is  of the  surf  ace deposi ts  
and wire specimens, ( c )  e lec t ron  micro-probe analys is  of individual  
gra ins  of the  wire shown i n  Figure 7 and (d )  chemical analys is  of va r i -  
ous wire specimens f o r  carbon penetrat ion.  Some ra ther  in te res t ing  
information was accumulated from the  ana ly t i c a l  e f f o r t s .  However, no 
e n t i r e l y  s a t i s f ac to ry  conclusions were reached as  t o  the  chemical 
species involved i n  the  metal a t t a ck  process. 
One conclusion reached w a s  t h a t  physical  separat ion of the  
components i n  t he  surface deposi ts  might be p r a c t i c a l  i n  connection 
with X-ray d i f f r ac t i on  analys is .  However, even with very e f f i c i e n t  
separation methods, physical  separat ion of the  small amounts of 
mate r ia l  obtained i n  t h i s  experimental .work was considered impractical .  
For example, i f  r e l a t i v e l y  high quan t i t i e s  (about 75%) of the  metal 
components were separated from the  e n t i r e  surface deposit  of Run 26, 
t he  amount of t o t a l  metal containing components would only be chemicallv 
equivalent t o  about 14  milligrams of i ron and 2 milligrams of n ickel .  
Here, it should be reca l l ed  t h a t  R u n  26 was made a t  1065" F. with an 
exposure time of 120 hours, and yielded about a maximum carbon deposi t .  
Since t he  X-ray d i f f r ac t i on  analyses were inconclusive i n  
ident i fy ing s t ruc tu res  of the  produc-ts of the  carbon monoxide a t t ack  
reaction,  o ther  l e s s  spec i f i c  information was sought out .  It was 
f e l t  t h a t  much of the  in tergranular  mate r ia l  indicated i n  Figure 7-  
P l a t e  1 was carbon o r  carbonaceous. Hence, the  carbon penetra t ion 
analyses, which a r e  shown i n  Table V I I ,  page 51,were made. These 
carbon analyses, on the cleaned wire specimens from Runs 12, 20, 26 and 
27, were conclusive in demonstrating that carbonaceous penetration had 
taken place. A mathematical analysis was made on the carbon content 
data from Runs 12, 20, and 27. These three runs were all made with 16 
hours exposure time and at temperatures of 1020, 920, and 1105" F.,, 
respectively. In the same order, the cleaned wire carbon contents were 
0.14, 0.08, and 0.63 weight per cent, respectively. The analysis was 
similar to that discussed on pages 79 and 80 dealing with exposed wire 
weight gains. Values for the mathematical analysis on carbon content 
increases were obtained from the above three carbon contents less 0.05. 
That is, the carbon content of the untreated stainless.stee1 wires 
were subtracted from each of the exposed wire values for mathematical 
treatment. Since this analysis was based on data from only three runs, 
the results must be considered cautiously. Nevertheless, the activa- 
tion energy for the reaction which produced carbon in the interior of 
the wires was estimated to be about 37,300 calories/mole. This value 
is nearly the same as that calculated for weight gains (including 
surface deposition) on page 80. Further, when one considers the 
variability of the data, the activation energies for the two processes 
cannot be considered different from one another. Limited information 
from technical literature shows that the activation energies for rates 
of diffusion of carbon in nickel, steel and GX iron are in the range 
of those calculated above. For example, Smithals and Ransley (27) 
reported on the diffusivities of carbon and carbon monoxide in nickel, 
and carbon in steel. These diffusivities were based on measurements 
made at much higher temperatures (1652-2012" F. ) than those of concern 
in the present experimental work. However, calculations based on t h ~  
information of Smithals and Ransley gave the following activation 
energies. 
Svs t em 
Carbon in nickel 
Carbon monoxide in 
nickel 
Carbon in steel 
Activation Energy, calories/mole. 
41,000 
These authors reported that the carbon monoxide measurements were con- 
fused by decomposition of the carbon monoxide in the nickel resulting 
in carbon formation. Wert (28) gave the activation energy for the 
diffusion of carbon in Siron for the temperature range of -40 to 
800' C. This value was 20,100 calories/mole. Wells and Mehl (29, 30) 
gave some interesting information concerning the effects of nickel on 
the diffusion rate of carbon in steel at 1000" C. For example, they 
stated that up to about 2 per cent nickel, the effect on diffusion was 
negligible. On the other hand, at 3 atomic per cent carbon, the 
diffusivity of carbon in austenite a.t 1000" C. is increased from about 
3.6 x centimeters/second in a plain carbon steel to 4.6 x 10 - 7 
centimeters/second in a 20 per cent nickel steel. These authors give 
various other information on the effects of composition on diffusion 
rates of nickel in iron and carbon in steel. However, this informa- 
tion is rather involved for presentation here, and only reference will 
be made to this work. In view of +%e activation energy calculations, 
above, and the  following discussion, it was concluded t h a t  a carbon or  
carbon monoxide d i f fus ion  control led  process was e n t i r e l y  poss ible  f o r  
t he  react ion of carbon monoxide with t he  s t a i n l e s s  s t e e l  wires. 
A s  s t a t ed  e a r l i e r ,  X-ray d i f f r a c t i o n  analys is  was considered 
inconclusive i n  ident i fy ing chemical s t ruc tu res  of t he  carbonaceous 
surface deposi ts .  However, r e fe r r ing  t o  Appendix C, page127,  Analysis 
Numbers 10 and 11, the resemblance of the  d i f f r ac t i on  pa t t e rn  f o r  the  
Inconel f i e l d  sample deposi ts  and t h a t  of t he  wire surface deposi ts  i s  
s t r i k ing .  This suggests t h a t  the  f i e l d  corrosion process must be 
similar t o  those involved i n  the  present  experimental work. 
Referring t o  Table I X ,  page 63, on counts of p a r t i c l e s  such as 
i l l u s t r a t e d  i n  Figure 6, page 60, one sees t h a t  the  quanti ty of meta l l ic-  
l i k e  p a r t i c l e s  i n  t he  carbonaceous surface deposi ts  i s  qu i te  appreciable. 
The p a r t i c l e  counts have many l imi ta t ions ,  and they were considered not  
amenable t o  c r i t i c a l  ca lcula t ion.  However, i f  one assumes a p a r t i c l e  
s i z e  d i s t r i b u t i o n  s imi la r  t o  those indicated f o r  Run 26, an average 
p a r t i c l e  size of about 0.0007 inch  i s  obtained. T h i s  value i s  based 
on t he  average cubed diameter. Chemical analys is  showed t h a t  the  
surface  deposi t  of Run 26 contained about 7.5 weight pe r  cent  i ron  
and 1 weight per cent  n ickel .  If one assumes t h a t  t h e  metal i n  the  
surface deposi t  w a s  comprised of pure metal spheres, with an average 
diameter of 0.0007 inch, then about 700-800 spheres per  inch of wire 
would be required f o r  the  indicated chemical composition. Referring 
t o  t h e  p a r t i c l e  counts on page 63  a able IX), t h e  number of meta l l ic-  
l i k e  p a r t i c l e s  per inch of wire f o r  Run 26 was shown t o  be of t h e  
order of a few hundred. The manner i n  which t he  counts were made 
tended to make the counts lower than the actual number of particles 
present. This was due to masking of the metallic-like particles by 
carbon. In view of these facts, a considerable, but indefinite, amount 
of the metal contents of the surface deposits were suggested to be ir 
the metallic-like particles which were counted. 
In connection with the experiments in which tests for carbonyls 
were made, one item of particular concern was the amount of cold trap 
condensate. This condensate surely came into the gas stream in, or 
after, the reactor. This can be said, for a similar cold trap was il 
the carbon monoxide stream prior to the reactor. There was a very 
small amount of condensate in the trap before the reactor, but it 
completely vaporized even before the trap warmed to room temperature. 
Thus, the cold trap condensate in the effluent steam was concluded to 
have originated in, or after, the reactor. On the basis that the 
condensate in the trap after the reactor was water, it was estimated 
to be about 0.1 volume per cent of the exposed carbon monoxide. This 
is equivalent to a dew point of about -20" C. 
Data on Commercially Pure Nickel and Inconel.--Several inspections of 
the Inconel and nickel wire specimens were made. These included X-ray 
diffraction, microscopic and metallurgical examination. No significant 
changes in these exposed materials were observed. It was concluded 
that if definite attack of the materials by carbon monoxide were to 
be demonstrated, severity of exposure conditions must be increased. 
In addition, by comparison of results with those for stainless steel, 
as shown on page 49, one may conclude that the stainless steel was 
about one order of magnitude more reactive than nickel and Inconel. In 
this sense, carbon monoxide exposure times of about 1000-3000 hours near 
1100" F. could be considered reasonable for testing nickel and Inconel 
for measurable attack. Such extensive exposure times were beyond the 
scope of the present research program. 
Surface deposits on the nickel and Inconel specimens were in- 
sufficient in quantity to analyze. However, in the most severe cases 
(16 hours at 1100' F.), an extremely small amount of deposit was dusted 
from the surface of both the nickel and Inconel specimens. This car- 
bonaceous dust could be lifted with a magnet. Although the dust was 
slightly magnetic, it did not appear to be as sensitive to the magnet 
at the dust from the stainless steel. 
Theoretical Discussion of Experimental Results.--The results of this 
research work has been inconclusive in defining the chemical processes 
involved in the carbon monoxide attack on Type 304 stainless steel. 
However, a composite analysis of the entire set of exploratory results 
tends to indicate that unstable reaction intermediates were formed. 
Clearly, the composition of the metal components in the surface deposits 
on the stainless steel was drastically different from the initial wire 
composition, especially since chromium was almost completely absent. 
This evidence almost excludes the possibility that metal was mechanically 
forced from the base metal by carbon deposition. On the other hand, 
the surface deposits contained a small amount of chromium. Therefore, 
a small amount of mechanical removal of metal grains by carbon deposition 
cannot be entirely ruled out of the metal transfer process, However, a 
low degree of mechanical removal of metal is certainly indicated. Tie 
X-ray diffraction analyses, although indefinite, most strongly favor 
metal or alloy-like structures for the metal components in the surface 
deposits as contrasted to carbides, In view of all these facts, un- 
stable reaction intermediates are almost certain. 
Considering the system dealt with here, one surely recognizes 
the carbides and carbonyls as potential unstable intermediate species. 
Referring to Chapter IIJ it is evident that all well known carbides and 
carbonyls of iron and nickel are thermodynamically unstable at tempera- 
tures in the range of concern, Further, it is extremely doubtful that 
the carbides or carbonyls of iron or nickel will form at all near 1000' 
However, if they were formed, rapid decomposition would be expected. 
These things are the requisites for unstable intermediates, and hence, 
these species should be considered. The effect of alloying on the 
thermochemical properties of Type 304 stainless steel is unknown. 
Likely, the alloys of iron, nickel and chromium, such as Type 304 
stainless steel, deviate consideraL~ly from ideal solid solutions. This 
is supported by the fact that moderate additions of nickel change the 
normal body centered cubic lattice structure of iron to a face centered 
cubic structure. Thermochemical properties of alloys of this type are 
not well defined. Non-ideality of the system Fe-Cr-C is clearly in- 
dicated by Kubaschewski and Catterall (31). However, these properties 
are given for temperatures very much higher than those of concern in 
the present case. The activity of grain boundary regions, from t h ~  
thermodynamic point of view, of normsl Type 304 stainless steel. is 
a l s o  very ill defined. Possibly, due t o  defects  and t he  l i ke ,  increased 
r e a c t i v i t y  of g ra in  boundary regions may be s t  account f o r  the  formation 
of unstable react ion intermediates with carbon monoxide. This seems 
most l i k e l y  of t he  two things considered above, s ince  it i s  wel l  
es tabl ished t h a t  c a s t  i ron  ( a s  contras ted with a l l oys )  i s  react ive  with 
carbon monoxide i n  a s imi lar  manner t o  Type 304 s t a i n l e s s  s t e e l .  
Inferences from Experimental Results Concerning the  Attack of Type 304 
S ta in less  S t e e l  by Carbon Monoxide Near 1000" F.--Clearly, one cannot 
say t h a t  the  experimental f indings  of t h i s  research defines t he  
mechanism of the  a t t a ck  of Type 304 s t a i n l e s s  s t e e l  by carbon monoxide. 
On t he  o ther  hand, severa l  pe r t inen t  exploratory r e s u l t s  have come from 
t h i s  work on Type 304 s t a i n l e s s  s t e e l .  By way of review, these  include: 
( a )  Ty-pe 304 s t a i n l e s s  s t e e l  wires were at tacked by high 
pu r i t y  carbon monoxide a t  temperatures between 920 and 
1100" F. 
( b )  Coincidental, o r  incidenta l ,  with the  a t t a ck  of carbon 
monoxide on t he  s t a i n l e s s  s t e e l ,  appreciable amounts of 
g raph i t i c  carbon was formed, espec ia l ly  at  temperatures 
higher than about 1020" I?. This carbon tended t o  
accumulate i n  magnetic surface  deposi ts  ( ~ y p e  304 s t e e l  
i s  non-magnetic) on the  s t a i n l e s s  s t e e l  wires, but a 
measurable amount of carbon was shown t o  have penetrated 
i n to  the  main body of the  wires. 
( c )  For 16 hours exposure of Ty-pe 304 s t a i n l e s s  s t e e l  t o  
carbon monoxide, t he  amount of surface deposit ion,  a s  
indicated by weight increases, increased with temperature 
i n  the  range of 920 t o  1100' F. 
(d )  Microscopic examination of the  surface deposits  on the  
wires showed t h a t  the  carkonaceous deposits  contained 
appreciable numbers of meta l l .1~- l ike  pa r t i c l e s .  These 
p a r t i c l e s  varied i n  s i ze ,  but  were indicated t o  average 
about 0.0005 t o  0.0007 inch i n  diameter. This s i z e  was 
based on some qua l i t a t i ve  p a r t i c l e  counts. Further, it 
i s  per t inen t  t o  s t a t e  here tha t ,  coincidenta l ly  o r  other-  
wise, t he  metal grains of the  wires was about t h i s  same 
3C 
s ize .  
( e )  Metallurgical  examination of exposed wire specimens "1 
Type 304 s t a in l e s s  s t e e l  showed tha t  the  wires had been 
intergranular ly  attacked, at  l e a s t  i n  local ized areas.  
These examinations indicated some possible mechanical 
removal of individual  gra ins  of the  s t a in l e s s  s t e e l  by 
carbonaceous deposit ion i n  t he  at tacked gra in  boundaries. 
( f )  Chemical analysis  of t he  carbonaceous surface deposits  
showed t h a t  they contained appreciable amounts of i ron 
(about 7 - I%), some n icke l  (about 1 - 4%)) and very 
l i t t l e  chromium (near 0.3% o r  l e s s ) .  Thus t he  ~ i / ~ r  
r a t i o  i s  very d i f f e r en t  from t h a t  of t he  parent 304 
s t e e l .  
-x- 
For example, t he  etched wire specimen i n  Figure 7, P l a t e  2. 
page 65 shows Bbout 170 grains.  Thus, t he  average gra in  s i z e  i s  
approximately 0 -0008 inch. 
( g )  X-ray fluorescence analyses of the carbonaceous surface 
deposits tended to support qualitatively the chemical 
analyses and indicated high iron, medium nickel and low 
chromium contents. Further, X-ray fluorescence analysis, 
of exposed wire specimens, indicated that the chromium 
content of the exposed wires was somewhat higher than 
"as received" wires. Thus, low chromium contents of 
the carbonaceous deposits were indicated to be compatible 
with the exposed wire compositions. 
(h) Electron micro-probe analysis of individual grains of 
metal in a wire sample, showing intergranular attack and 
indicating mechanical removal of the grains by grain 
boundary deposition, showed that the composition of the 
grains, in the process of mechanical removal, was nearly 
the same as the original wire composition. 
( i) X-ray diffraction analysis was inconclusive in defining 
the chemical species containing the metals in the carbon- 
aceous surface deposits. However, in some of the more 
promising cases, X-ray diffraction suggested that the 
carbonaceous deposits contained graphitic carbon, nickel 
and iron or iron-nickel alloy-like materials. These 
analyses did not exclude the possibilities of small 
amounts of metal carbides or alloys similar to Type 304 
stainless steel. 
In view of the above exploratory evidence, the mechanism of 
carbon monoxide attack on the Type 304 stainless steel wires is suggested 
to have involved formation of an unstable, metal containing, gas phase 
intermediate. In localized areas, the attack was indicated to be 
especially high along grain boundaries of the wires. Removal of metal 
by mechanical forces, due to carbonaceous deposition in grain boundary 
regions, could not be excluded, but this was indicated to be of small 
extent during the experimental exposure times involved. 
Important arguments leading to the above suggested mechanism 
involve : 
(a) Low chromium (relative bd iron and nickel) contents c 
the carbonaceous surface deposits. 
(b) Relatively high chromium contents of individual metal 
grains of the wires which were indicated nearing the 
stage of removal by mechanical forces due to inter- 
granular carbonaceous deposition. 
(c) Improbability of extensive migration of chromium from 
the metal grains in such short times and low tempera- 
tures, to give surface deposit metal high in Fe and Ni 
by mechanical removal of metal grains. 
(d) Improbability of migration and decomposition of solid 
phases, such as carbides, to the extent of distributing 
large (circa 0.0007 inch) metallic particles in the 
carbonaceous deposits. 
Since experimental results suggested that the reactivity of the 
Type 304 stainless steel wires decreased with time, likely, more severe 
attack of the wires would take place under alternating oxidation-carbon 
monoxide exposures- 
Conclusions.--From this research work it was concluded that: 
(1) AISI Type 304 stainless steel wires were deleteriously 
affected by carbon monoxide at temperatures between 920 
and 1100" F. 
(2) For carbon monoxide exposure times of 16 hours, the 
effects on the stainless steel wires increased with 
temperature, especially above about 1020' F. 
(3) Appreciable carbonaceous deposits (up to about two per 
cent) were formed on the stainless steel wires upon ex- 
posure to carbon monoxide. These deposits contained 
measurable quantities of iron (ca. 7 - 12 per cent) and 
nickel (ca. 1 - 4 per cent), and small amount of chromium. 
The metal components of th.e carbonaceous deposits appeared 
to have resulted from decomposition of an unstable, metal 
containing, gas phase intermediate reaction product or 
products. Reaction of the carbon monoxide with the 
wires was indicated to be especially pronounced along 
metal grain boundaries, in localized areas. Possible 
loss of metal from the wires by mechanical forces, due to 
continued deposition in the affected grain boundary regions, 
was suggested. This possi.bility of mechanical metal wastage 
was indicated to require more severe exposure conditions to 
reach appreciable significance. However, loosening of 
grains observed in Figure 9, Plate 2, indicates that 
mechanical removal probably does account for some of the 
grains in the surface deposits. The experimental re- 
sults suggesting formation of an unstable, gas phase, 
intermediate was inconclusive and did not exclude the 
possibility of formation of an unstable, solid phase, 
intermediate. 
(4)  Limited results on commercially pure nickel and Inconel 
wires indicated them to be about an order of magnitude 
less reactive than Type 304 stainless steel with carbon 
monoxide, for the exposure conditions employed, Although 
the reactivities of nickel and Inconel were both low, 
the Inconel wires were indicated to be slightly more 
reactive than nickel wires. 
(5)  X-ray diffraction analysis of a carbonaceous deposit 
from a pitted specimen of Inconel, exposed to gases con- 
taining carbon monoxide in industrial service, showed 
that the deposit was very similar to the deposits 
formed on the experimental stainless steel wire speci- 
mens. This suggested that the corrosion processes, 
involved industrially, were similar to the processes 
studied in this research work. Since the carbonaceous 
deposits on this 1ncone:L specimen were ferro-magnetic 
and Inconel is not ferro-magnetic, the long term 
corrosion process is suggested not to be the result 
of mechanical removal 0.f metal by carbon deposition. 
Recommendations for Further Research.--Three recommendations for further 
research are directed towards the following objectives. 
1. Possible identification of gas phase, unstable inter- 
mediate reaction products. 
2. Possible identification of solid phase, unstable inter- 
mediate reaction products. 
Possible demonstration of mechanical metal wastage due 
to carbonaceous depositions in grain boundary regions. 
Of course, all the above items are concerned with reaction of carbon 
monoxide and metals containing iron and nickel at temperatures of 
about 1000-1100 " F., or higher. 
Towdered metal specimens may show promise in the case of item 
. Undeveloped analytical techniques, unacquired chemical knowledge, 
and equipment costs may force this recommendation to be beyond tho 
scope of an individual effort, such as a doctoral thesis program. How- 
ever, a powdered metal reaction, potentially, could be monitored with 
analytical equipment such as an infra-red spectroscope. For example, 
Y 
the Texas Company has explored gas-solid reaction and adsorption 
systems at temperatures up to 540" C. using infra-red techniques. How- 
ever, metal particle sizes were quite small (of the order of 100 ;). 
Reference is made, in this article, to experimental work on chemi-sorbed 
CO on nickel and other interesting systems. 
Powdered metal specimens may also be promising in the case of 
item 2. Reactivities of the powders should allow collection of adequate 
* 
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reaction products to attempt physical separation of the metallic compo- 
nents. Addition of other gases, such as hydrogen, to the carbon monoxide 
may also be useful in this connection. If separation and concentration 
of the metallic components can be successfully accomplished, conclusive 
structure analysis, such as from X-ray diffraction, may be possible. 
Further, components, such as carbides, which may be present in trace 
quantities, may be identified. 
Recommendations for item 3 involve massive metal specimens, 
such as wires or sheets. Increased severity (more time and possibly 
higher reaction temperatures and/or pressures) will likely be required 
to show marked metal wastage by carbonaceous deposition in metal grain 
boundary regions. The experimental results on the stainless steel 
wires indicated that most severe temperatures were greater than 1100" F. 
Due to this, experimental apparatus using fluidized solids for tempera- 
ture control may not be best for extended exposure times. Direct heat- 
ing by high temperature resistance wires appears more suitable for this 
purpose, even though reaction temperature control and uniformity will 
be sacrificed somewhat. 
If further research is done on Type 304 stainless steel wires, 
designed experiments should prove of value. These designs could take 
advantage of the exploratory findings of the present research concern- 
ing variability, effects of temperature, and exposure time. 
APPENDIX A 
DETAIIED DESCRIFTION OF EXPERIMENTAL EQUIPMENT AND PROCEDVRF 
Design Basis.--Somewhat arbitrarily the experimental equipment, illustrated 
schematically in Figure 3, page 37, was sized on the basis of: 1. metal 
sample sizes of 10-50 grams, 2. carbon monoxide rates of 0-5-2 standard 
cubic feet per hour, and 3. reaction terqeratures of 900-1100° F. This 
basis, except for -bemperat.ure, .was arbitrary. Nevertheless, the basis 
appeared reasonable for producing data of an experimental nature. That 
is, the sizes seemed t.0 be sufficient to produce samples large enough for 
analysis and, yet, not be so large that materials would be wasted. The 
temperatures to be investigated were specified on the basis of corrosion 
observed in practice. 
The purpose of this research work was to study. the effects of carbon 
monoxide containing gases on nickel bearing materials at temperatures in 
the vfcinity of 1000 degrees Fahrenheit. Thus, the design problem essen- 
tially .became one of planning a system in which metal samples could be 
subjected to carbon monoxide containing atmospheres at these elevated tem- 
peratures under controlled conditions. At the outset of this study, infor- 
mation on the effects of variables was rather vague. However, whatever the 
design basis was to be, it appeared that rather rigid control of reaction 
temperature, reactton gas composition, and gas rates should be emphasized. 
Description. of Eqi~.ipment. --The Matheson Company, Incorporated, markets 
compressed carbon monoxide in cylinders of about 100 cubic feet capacity. 
This gas is available i n  a chemically pure grade which has a mininrm puri ty  
of 99.5 per cent. Cylinders of t h i s  gas are  used t o  supply the carbon 
monoxide i n  the experimentation. 
For metering small gas flows, such as  those involved here, com- 
mercial rotameters have been found t o  function well. This type meter was 
selected f o r  metering the experimental gas. Two rotameters were purchased 
f o r  t h i s  purpose with the following operating specifications: 
Operating temperature - atmospheric. 
Operating pressure - up t o  150 pounds per square inch gauge. 
Maximum flow ra te  - about 2 standard cubic f e e t  per hour when 
metering carbon monoxide a t  atmospheric temperature and 150 
pounds per square inch gauge pressure. 
The meters were purchased from the Brooks Rotameter Company and were type 
number 1110. 
It i s  well known tha t  carbon monoxide, when stored f o r  long times 
i n  s t e e l  cylinders, forms i ron carbonyls. These carbonyls are  of low 
v o l a t i l i t y  and hence the concentrations of the carbonyls i n  the eff luent  
stream are low. However, removal of even small quantit ies of these 
materials from the experimental gas was desired. The carbonyls of i ron 
are  thermally unstable above about 660° F. This  f a c t  was the basis  f o r  
selecting a thermal purif icat ion system which is  called the CO pretreater .  
The pre t rea ter  consists of a c o i l  of one half inch (outside diameter by 
1 4  gauge wall thickness) A I S I  Type 446 s ta in less  s t e e l  tubing of about 
sixteen l inea r  fee t .  This tube i s  packed with clean sand. The sand 
provides re la t ive ly  large surface f o r  the deposition of the iron from 
+.he carbonyl decomposition reaction. The coil, when operating, is main- 
tained at a controlled temperature of about 700° F. by means of an elec- 
trical resistance heater, This heater is coupled with a temperature 
recorder controller and a chromel-alumel thermocouple. The thermocouple 
is located at the coil outlet. 
Selection of the type of heating devices to be used in this sys- 
tem was rather straightforward. Electrical resistance heating was con- 
sidered the most practical for the service required in this work. How- 
ever, there were at least two practical ways to use electrical heating 
elements. The first was to simply surround the reaction zone with the 
elements, Second, the heating could be accomplished by means of a heat 
transfer medium between the heating elements and the reactor. The second 
type system was selected. The reactor heating system is comprised of an 
eighteen inch diameter vessel about three feet tall, with suitable facil- 
ities to accommodate operation as a fluidized solids temperature bath. 
The bath vessel is made of one-quarter inch thick plain carbon steel. 
Carbon steel construction was satisfactory at these temperatures since 
the pressures involved were nearly atmospheric. The vessel size was fixed 
by the space requirements of heating elements, gas preheating coils, and 
reactors, The original design on this bath was for three independent 
reactors, Only one reactor was installed, but space was allowed for three 
for future expansion. Auxiliaries, such as the fluidization gas supply 
system and the cyclone separator, are rather standard equipment for flui- 
dized solids systems and will not be discussed here. Basically, the 
@.vantages of the fluidized solids heating system, over some of the other 
systems, a r e  t h a t  temperature control  and uniformity of temperature, i n  
r e l a t i ve ly  large  zones, a r e  usual ly  be t te r .  The e s s e n t i a l  disadvantages 
a r e  t h a t  t he  physical  s i z e  of the  f lu id ized  so l ids  heating system i s  usual ly  
l a rge r  and it i s  more complicated i n  t ha t  gas supply and so l i d  recovery 
systems a r e  required- The se lec t ion  here favored temperature control  and 
uniformity, since temperature appeared t o  be a c r i t i c a l  var iable  i n  t he  
processes under study. The bath, a s  it was ins ta l l ed ,  provides a f lu id ized  
bed of about eighteen inches diameter by two f e e t  deep which i s  r a the r  uni- 
form throughout i n  temperature. 
Preheat of the  experimental gases, p r i o r  t o  enter ing the  react ion 
zone, w a s  desired.  Therefore, a preheating c o i l  was i n s t a l l ed  i n  the  
f lu id ized  bed and was designed t o  heat  the gas t o  within about 20' F. of 
the  react ion temperature. It consis ts  of about fourteen l i n e a r  f e e t  of 
one-quarter inch (outside diameter by 20 gauge wal l )  AISI Type 446 s ta in -  
l e s s  s t e e l  tubing. This tubing was coiled on a four  inch pipe mandril. 
From the  proposed experimenta.1 metal sample s i ze  and gas ra te ,  a 
reac tor  diameter of one-half inch (outs ide  diameter by 14 gauge wal l  
thickness) was se lected.  I n  order t o  f a c i l i t a t e  easy removal of the  
reac tor  from the f lu id ized  bed, various aux i l i a ry  equipment such a s  pack- 
ing glands, cocks, e t ~ , ,  were instal . led.  To insure react ion i n  a uniform 
temperature zone, the  metal l ic  specimen i s  supported i n  a pos i t ion  i n  the  
reac tor  which i s  e n t i r e l y  i n  contact with the  f lu id ized  so l ids .  The re-  
a c t o r  i s  about f i ve  f e e t  long and is made of AISI Type 446 s t a i n l e s s  s t e e l .  
Approximately two f e e t  of length i s  poten t ia l  reaction zone s ince  t h i s  
length i s  surrounded by f lu id ized  so l ids .  
ExperTmenLal product gas is hot and potentially contains entrained 
solid material such as carbon or metal. In order to cool the reacted gas, 
a coil with a water jacket was provi3ed. This coil is about sixteen 
linear feet of one-quarter inch (outside diameter by 20 gauge wall thick- 
ness) AISI Ty-pe 446 stainless steel. To collect any entrained solid 
material, a dust settles was installed in the reaction gas exhaust line. 
This settler is made of five inch diameter plexiglass and is about 'twelve 
inches long, It is equfpped with suitable flanges for easy dismantling 
and a baffle plate to insure good distribution of the gas passing through 
it - 
It had been known for qu-fte some time that nickel and iron are 
catalytically active for the decomposition of carbon monoxide according 
to the equation 2CO = CO + C. Thus, the experimental product gas was 
2 
expected .to contain both CO and CO A measure of the reactivity of the 
2 
metallic sample in the reactor was therefore possible through determina- 
tion of .the CO content in the reacted gas. Sampling facilities and Orsat 
2 
analytical equipment were provided for this purpose, as a control measure. 
To allow further analytical determinations on the reacted gas, a sampling 
bomb was installeda This bomb consists of twelve inches of one-half inch 
(outside diameter by 14 gauge wall) AISI Type 446 stainless steel tubing 
with valves on each end. The'se valves are made of Hastelloy Be The bomb 
is suitable for collecting samples at pressures up to about fifty pounds 
per square inch gauge pressure. 
Since the experimental gases contain rather large amounts of CO, a 
vent system for safe disposal of the gas was installed. This vent consists 
of four inch diameter pipe which ext,ends about fourteen feel  above the top 
of the building tha t  houses the experimental equipment. 
Temperature c o n t ~ o l  i n  both the CO pre t rea ter  and i n  the reactor 
i s  accomplished with chromel-alumel thermocouples linked with temperature 
controllers.  The thermocouple f o r  the CO pre t rea ter  i s  fixed t o  the out- 
l e t  of the c o i l  with wire. The thermocouple f o r  the rear tor  control i s  
housed i n  a thermowell which extends t o  the wall of the reactor about 
twelve inches above the fluidized bed gas d is t r ibutor  plate .  The gas 
d is t r ibutor  p la te  i s  a t  the bottom of the fluidized bed, The tempera-ture 
control lers  f o r  both preheater and reactor are  Leeds and Northrup Company 
type Speedomax H recorder-controllers. They have a range of 0 t o  1500' F. 
The rated accuracy of t h i s  equipment is  - + 1 5 O  F, although calibrations 
made during the course of t h i s  experimental work indicate be t te r  than 
t h i s ,  These calibrations showed tha t  the temperature control ler  would 
be within about 8 O  F. of t rue temperatures f o r  about 95% of t i m e .  For 9 
discussion on. this ,  r e fe r  t o  pages 115 and 116. 
To provide a means of checking the carbon monoxide feed gas purity, 
a sampling system was instal led.  This consists of necessary piping, a 
water cooler and a cold t rap.  The cold t rap is  f o r  the purpose of con- 
densing out any iron carbonyls In the pre t rea ter  eff luent  gas, The car- 
bonyls of iron are  l iquid or sol id  a t  d~ ice-acetone bath temperatures. 
Materials of Construction.--Choice of construction materials which con- 
t a c t  hot carbon monoxide containing gases i n  t h i s  apparatus presented 
quite a problem. To a large extent, t h i s  was due t o  the f a c t  t ha t  the 
usual materials used fo r  the temperature service required here typical ly  
contain nickel. Since nickel bearing materials were to be subjected to the 
CO containing gases for study, a dilemma arose. Glass equipment was con- 
sidered for construction materials in the hot regions coming in contact 
with the reactive gas. However, in view of its rather poor mechanical 
strength at elevated temperatures, and also because of the safety aspects 
of handling poisonous CO at moderate pressures, glass construction was 
rejected. Various industrial suppliers were confronted with these problems. 
Recommendations appeared so contradictory that no entirely satisfactoq 
conclusions could be drawn. A technical report of the Phillips Petroleum 
Company (20) was available. This report contained limited information on 
materials durability at service condi.tions approximating those desired for 
experimentation. This company had experienced some rather severe cor- 
rosion problems and had made some laboratory tests on various materials of 
construction. Details of these studies are given in a paper presented at 
the 1959 Annual Conference of the Nat,ional Association of Corrosion Engi- 
neers (25), One of the conclusions reached by Phillips Petroleum Company 
was that steels containing more than 25 per cent chromium appear to be 
fairly resistant to this type of corrosion. This information, and the 
desire to use materials containing no nickel (for less confusion in inter- 
pretation of experimental results), led to the selection of AISI Type 446 
stainless steel for use in the reactive zones, AISI Type 446 steel has a 
nominal composition of 23 to 27 per cent chromium, 0.35 per cent carbon 
maximum, and the balance iron, except for minor impurities. 
The entire reaction gas handling system from the CO pretreater to 
the vent was made from AISI Type 446 stainless steel except for valves. 
The valves on the reacted gas sample bomb are made of Hastelloy B. These 
valves a re  the only ones contacting the reactive gas a f t e r  it leaves the 
pre t rea ter  i n  i t s  normal course of flow. Other valves i n  t h i s  sytem 
such as on the reactor by-pass l ine,  gas control sample points, etc., are 
made of AISI Type 304 s tainless  s t ee l .  
A11 materials except those discussed above are of the conventional 
carbon s t e e l  or  brass construction, 
Design Calculations.-- 
( a )  Velocity Computations: h n y  of the equipment design calculations 
were simple gas velocity computations, Important ones of t h i s  c lass  were 
those involved i n  the CO pretreater,  the reactor, the dust s e t t l e r ,  and 
the fluidized sol ids  temperature bath, For the pretreater,  reactor, and 
dust s e t t l e r ,  the computations were based on an experimental gas r a t e  of 
one standard cubic foot  per  hour and atmospheric pressure operations. The 
design values of these velocities,  a s  well a s  design temperatures and rea- 
sons f o r  design values, are  given i n  Table A-I .  
( b) Energy Calculations : Other important design calculations were con- 
cerned with the heating systems, t o e o ,  heating of the CO pretreater,  and 
the f lu iz ied  sol ids  temperature bath6 Tn these calculations, sensible 
heat requirements f o r  the reactants and heats of reactions were of minor 
significance. In  the pretreater,  s ignif icant  heat loads included sensible 
heat requirements of the pre t rea ter  during the heat-up period and heat 
losses t o  the atmosphere. That is, heat-up time was the c r i t i c a l  fac tor  
i n  s iz ing the heating elements f o r  t h i s  system. A standard tubular re- 
sistance heater with a rated capacity of 1000 watts and a maximum allowable 
Table A-I 
Design Velocities 
Location Velocity Temperature Reason for Design Velocity 
Pretreater 
Dust Settler 0.002 ~ t .  /see. atmospheric 
Fluidized 0.3 Ft . /see. 
Solids Bath 
This velocity was determined by the dimensions of 
the tubing available. Confined to this tubing 
size, the velocity was then used to determine 
length of coil for about 15 seconds residence 
time. 
This velocity was selected in order to allow 
reaction of powdered metals of size suitable for 
X-ray diffraction analysis (about 50 microns) 
with little solids entrainment by the reaction 
gas. 
This velocity allows collection of graphite 
particles of the order of four microns and larger 
in diameter. 
This velocity considered suitable for fluidiza- 
tion of the solid material in the bath. This 
material is used type 3-A catalytic cracking 
catalyst. 
sheath temperature of 1500' F. was specified. This allowed heating to 
TOO0 F. in about one hour with sufficient allowable thermal gradients 
for the required heat transfer rates. In the fluidized solids tempera- 
ture bath, heat-up time was again the critical factor in sizing the 
heaters. Significant heat loads, in this case, included sensible heat 
requirements of the bath and the fluidization gas, as well as heat losses 
to the atmosphere. As usual, the calculations in this heating system 
were simplified for design purposes. That is, estimated quantities of 
materials and constant physical properties (such as specific heats, 
thermal conductivity coefficients, etc , ) were assumed. The following 
basis was used for calculations. 
A. Mass of steel in system to be heated --- 200 pounds. 
B. Mass of fluidized solids to be heated --- 150 pounds. 
C. Mass of insulation to be heated --- 100 pounds. 
D. Flow rate of fluidization air --- 52 pounds/hour. 
E. Specific heat of steel --- 0.12  pound-degree F. 
F. Specific heat of fluidized solids --- 0.21 ~TU/~ound-de~ree F 
G. Specific heat of insulation --- 0.22 ~TU/~ound-degree F. 
H. Specific heat of air --- 0.25 ~TU/~ound-de~ree F. 
I. Insulation thickness --- 0.5 feet. 
J. Thermal conductivity coefficient of insulation --- 
0.14 ~~/hour-foot-degree F, 
K. Equivalent heat loss transfer surface --- 30 square feet. 
L. Outside surface temperature --- 100 degrees F. 
M. Initial air, steel, insulation, and solids temperature --- 
70 degrees F. 
Using the above thirteen quantities, an approximate energy balance 
can be written on the temperature bath. This balanceg in the usual form 
of "Input minus Output equals Accumulation," gives: 
where, Q = heat input, BTU. 
T = temperature, degrees F. 
8 = time, hours, 
and d denotes the differential operator, 
For a constant heat input rate, Equ.ation (I), when the above values 
are inserted and simplified, becomes, 
where d&*/dQ is the heat input rate (a constant) in kilowatts. 
Integration of Equation (2) and substitution of initial conditions 
(i,e., 8 = 0, T = 70) yields, 
where In denotes natural logarithm, 
Then for approximate times required to heat the system to 1000' F., 
as a function of heat input rate, Equation (3) can be simplified to, 
A g-raph of d&*/d@ versus 8 from Equation (4) follows. 
Based on these calculations and on standard equipment avai labi l i ty ,  
three 2000 watts heating elements (operated on independent non-controlled 
c i r cu i t s )  and a 2250 watts c i r cu i t  (operated on a controlled c i r cu i t )  were 
selected f o r  ins ta l la t ion  i n  the temperature bath. Heating times t o  bring 
the system up t o  1000° F, actual ly  were about 3,5 hours a s  compared t o  the 
valne of about 3.75 hours calculated above. Equation (4 )  implies tha t  
steady s t a i e  conditions a t  1000" F. requires about 5.77 kilowatts heat in- 
put. Practice indicated tha t  t h i s  was s l igh t ly  over 6 kilowatts,  The 
actual  heating cu.rves of temperature versus time, however, were not i n  as  
good agreement as  these -two comparisons over the en t i re  range from 70 t o  
1000" F, (see Figure A-6) . 
Heating element temperatu.res were a l so  estimated f o r  the purpose 
uf specifying necessary operating temperatures f o r  requ.ired heat t ransfer  
rates .  Experience has shown tha t  a conservative estimate of heat t ransfer  
coefficients i n  f luidf zed beds i s  about 100 ~TU/hour-square foot-degree I?. 
Beat densi t ies  of the operating e l e c t r i c a l  heaters are  about 10,000 BTU/ 
hour-square foot,  Tnese calculatfons indicated the expected thermal 
gradients, between heating elements and the fluidized bed, to be of the 
order of 100" F. Hence, elements with rated maximum operating sheath 
temperatures of 1500" Fa were considered quite satisfactory for reactor 
operations up to 1100" F. 
(c) Fluidization Gas Control Calculation : Compressed air was available 
at pressures crp to 100 pounds/square inch gauge, This air was used as 
fluidization gas. The design used for con.trolling the flow rate of the 
fluidizat-ion gas was a restrictiong or free-flow, orifice. The equation 
for sizing such an orifice may be found in Chemical Engineer's Handbook (32), 
page 403, equation (14). The orifice (sharp-edged) size was calculated on 
the basis of an upstream temperature of TO0 Fey  upstream pressure of 100 
pounds/sguare inch gauge, and a discharge coefficient of 0,8 to deliver 
52 pounds per hour of air. This size was 3/32 inch diameter. 
Cali'brations and Engineering Data.-- 
(a) Calibrations of Rotameters: Calibrations were obtained for the gas 
rotameters and .the fluidized solids temperature recorder controller. 
Engineering data were ob-talned for the experimental gas system loss rate 
(cold) and the f1u:idized solids temperature bath heat-up rate. 
Figures A-l and 6-3 give the gas flow rate versus rotameter scale 
reading (with parameters of rotameter operating pressure) for the CO 
rotameter and the N rotameter, respectively. Figures A-2 and A-4 give 
2 
the gas flow rate versus rotameter operating pressure (with rotameter 
scale reading parame.t;ess) for the CO and N ro,tameters, respectively. 
2 
These callbrations were made using the service pressure gauges and a wet 
test meter at atmospheric temperature, 
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(b) Calibrations and Checking of Temperature Control: A ser ies  of temper- 
ature measurements i n  the reactor were made using a calibrated chromel-alumel 
thermocouple and a potentiometer. This thermocouple had been previously 
calibrated against a platinum-platinum/rhodiwn (10%) thermocouple which 
was calibrated by the National Bureau of Standards. The ~ t - ~ t / R h  t ermo- 
couple had a rated accuracy of + la C .  As the temperatures were measured, 
ustng the above mentioned chromel-al~mel thermocouple, simultaneous readings 
of the fluidized sol ids  bath temperature recorder values were taken. For 
t h i s  s e t  of t e s t  data, the temperature recorder values averaged 2,2"  F. 
higher than those obtained with the calibrated thermocouple and potenti- 
ometer, There were 19 observations of temperatures a t  levels  ranging from 
about 910 t o  1000" F. The temperature recorder took i t s  e.m.fo s ignal  
from the service chromel-alumel thermocouple located i n  the thermowell, 
This thermowell was i n  the operating location. The calibrated themo- 
couple measurements were made by inser t ing the bare couple into the reactor 
a t  various posit ions ranging i n  elevation from about 6 to  16 inches above 
the fluidized sol ids  gas d is t r ibutor  plate .  While these measurements werp 
being made, nitrogen was passed through the reactor a t  the ra te  of one 
standard cubic foot  per hour. There was variat ion i n  the temperature d i f -  
ferences between the recorder and the calibrated thermocouple. That is, 
from the 19 observations, a standard deviation of - + 4.1' F. f o r  the temper- 
a ture  differences was computed, Assuming a normal e r ror  dis t r ibut ion i n  
t h i s  case, one concludes tha t  the recorded temperature values average about 
2,2" F. higher than the reactor temperature and an individual observation 
varies  l e s s  than about - + 8.2" F. from t h i s  value f o r  about 95$ of the 
observations. Temperature measurements i n  the reactor were a l so  made a t  
an elevation near the bottom of the fluidized bed ( a t  the gas d is t r ibutor  
p l a t e ) ,  Nine observations were made a t  an elevation of about 3 inches above 
the f luidizat ion gas d is t r ibutor  p la te  f o r  the same temperature range and 
measuring procedure described above. The ef fec t  of the cold entering 
f luidizat ion gas was indicated i n  t h i s  case. The recorded temperature 
value averaged 20.4~ higher than the calibrated thermocouple .value ( the  
recorder thermocouple was tn the same position as  before, i . e o ,  the operating 
posi t ion) .  A value of - + 7.1' F. was computed f o r  the standard deviation of 
temperature var iat ion from these 9 measurements. For the 19 measurements 
a t  the 6 t o  1-6 inch elevatfon, the temperature differences were indicated 
t o  be rather  random and were not indicated t o  be a function of elevation. 
( c )  Pressure Testing of Equipment: After the reaction gas system was con- 
structed, a pressure t e s t  was made. For t h i s  tes t ,  the en t i r e  gas system 
(from the cylinder manifolds through the reaction product gas sample bomb) 
was pressured t o  150 -pounds/square inch gauge with dry nitrogen. The en- 
t i r e  system was sealed off (by closing the operating valves) and then a l -  
lowed t o  stand. System pressures were recorded as  a function of time. 
These pressure decay data were used t o  estimate the gas lo s s  r a t e  versus 
system pressure re la t ion  given i n  Figure A-5. The ent i re  sys-tem was a t  
atmospheric temperature during t h i s  t e s t .  
Figure A-6 gives the resu l t s  of a temperature bath heat-up time tes.t;, 
These data were taken from the fluidized sol ids  temperature bath recorder- 
controller chart .  All heaters (8.25 KW) were on and the r e s t  of the system 
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Figure A-5 .  Gas Loss in N and CO Manifold and Rotameter System, 
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Figure A-6. Fluidized-Solids Temperature Bath Heating T i m e s .  
the heat-up time required f o r  1000° F. was about 3.9 hours. Also shown i n  
Figure A-6 i s  a temperature-time curve calculated from equation (3 ) .  This 
curve f a i r l y  well agrees with the experimental t e s t  curve. In addition t o  
these two curves, various spot points from seven operating runs are  in- 
cluded on t h i s  graph. These point values were taken from the recorder 
chart just  pr ior  t o  the beginning of the control c i r cu i t s  (2.25 KW of the 
t o t a l  8.25 KW heat supply) actlvation, They tend .to show tha t  heat-up 
times are  usually somewhat less  than equation (3)  indicates, a t  l e a s t  f o r  
t e q e r a t u r e s  l e s s  than 1000° F, 
Experimental Procedure.--The experimental procedure followed when subjecting 
metall ic wire specimens t o  CO containing gases i s  outlined below. This does 
not include anal'ytical work performed a f t e r  the experimental exposure cycle 
was complete. 
A. Sample and apparatus preparation, 
1. Turn on temperature bath f luidizat ion gas. 
2 Turn on e l ec t r i c  heaters i n  temperature bath and s e t  tempera- 
ture  controller a t  desired reaction tenrperature. 
3. Wind wire specimen (about 100 t o  130 f e e t )  on spindle t o  make 
bundle twelve inches long and about one-quarter inch diameter 
(loose strands).  
4. Wash wire specimen twice with about 200 c.c, (each washing) 
hot (ca. 200" F. ) toluene, allowing about 10 minutes washing 
time. 
5.  Dry wire specimen by moderate heating t o  about 300° F. and 
place i n  dessicator. 
6, Weigh w i r e  specimen on analyt ical  balance (sensf t iv i ty  - 
r e  F i l l  CO gas pur i ty  cold t rap  w i t h  dry ice  and acetone. 
8. Turn on e l ec t r i c  heater i n  CO pre t rea ter  and s e t  temperature 
controller a t  desired pretreat  temperature. 
9 ,  Flush nitrogen through CO pretreater  and reactor f o r  about 
1 hour. 
10. If reactor temperature i s  near desired reaction value, place 
metal specimen, from 6 above, in reactor.  
11, Sta r t  CO flow through pre t rea t  and cold t r ap  (by-passing 
reactor) and allow t o  run f o r  about one hour. 
12, Check CO gas system f o r  leaks. 
13. Take pretreated CO sample and run Orsat analysis. 
14.  If CO analysis i s  satisfactory, inspect cold t rap  f o r  con- 
densed carbonyls - i f  no condensate, sample and apparatus 
preparation i s  complete. 
Experimental Per3 od . 
1. Set reactor temperatme, pre t rea t  temperature, and reaction 
gas r a t e  on desired values, 
2 S t a r t  reaction gas through reactora 
3 ,  Record reactor temperature, CO pre t rea ter  temperature, 
reactor pressure, f luidizat ion gas pressure (high pressure 
side of or i f ice) ,  reaction product gas vent pressures, rota- 
meter pressures, rotameter scales readings, and reaction 
* 
product gas analysis (orsa t )  hourly. 
-E 
A t  night, the eqeriment  i s  allowed t o  run unattended. During 
t h i s  time, the only data recorded are  by automatic temperature recorders. 
4, When desired reaction time has been attained, turn heat off 
temperature bath, and stal-t flushing gas system with dry 
nitrogen. (A reaction product gas sample may be taken in 
the bomb at this time if control Orsat analyses during run 
have indicated justification for this. ) 
5 .  When about 1 standard cubic foot of nitrogen (equivalent to 
about 3 Zlmes the gas system volume) has been flushed in, 
stop gas flow. 
6. open reactor, remove sample and place in dessicator* 
7 -  Weigh cooled metal sample on analytical balance. 
A P P E N D I X  B 
T A B L E  B-l 
E X P E R I M E N T A L  R E S U L T S  O N  E X P O S U R E S  O F  T Y P E  3 0 4  S T A I N L E S S  
S T E E L  W I R E S  T O  C A R B O N  M O N O X I D E  
EXPOSURE TIME: 16 HOURS. CARBON MONOXIDE RATE: 0.94 TO 1.03 (0.97 AVERAGE) CUBIC FEET (AT 14.7 p.s.i.a. AND 60°F.) PER HOUR 
















**Orsat determinations. These determinations must  be treoted a s  very tqualitative at these levels of measurement. O f  b' Notation for indicating 
temperature variation during exposure period. Ranges of temperatures recorded on instrument chart (highest minus lowest, approximately): a, s0F.; 
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CO, CONTENT OF CO, 




























0.1 - 0.3 
0.1 - 0.3 
0.7 - 0.9 
0.6 - 0.8 
0.5 - 0.7 
0.5 - 0.6 
0.3 - 0.4 
0.3 - 0.4 
0.2 - 0.4 
0.3 
0.4 - 0.5 
0.4 - 0.6 
A P P E N D I X  B  
T A B L E  6-11 
E X P E R I M E N T A L  R E S U L T S  O N  E X P O S U R E S  O F  T Y P E  3 0 4  S T A I N L E S S  S T E E L  W I R E S  
T O  C A R B O N  M O N O X I D E  A T  V A R I O U S  R A T E S  A N D  T I M E S  
* Reoctor temperature recorder-controller chort averages to nearest 5OF. 
" Orsot determinations in volume per cent. These determinations must be .rested very qualitatively ot these levels of measurement. 
*** Carbon monoxide rotes in cubic feet (measured at 14.7 p.s.i.0. ond 60°F.) per hour. 
****Run 27 wire specimen was boiled in concentrated nitric acid for 16 hours resulting in o weight decrease of about 0.51 per cent. This acid treatment 
was done on the "as received" wire before exposure to carbon monoxide in  Run 27. 
A l l  experimental run numbers increase chronologically, regardless of metal specimen type, exposure conditions, etc. However, Runs lo, 20 and 30 
began a new series which followed a l l  experiments numbered 2 through 31 in Tables B-I, B- l l  and 0-1. 














WIRE SPECIMEN ACID TREATED****. 
2 CYLINDERS CO USED, 0.1, 0.2% CO,. 
EQUIPMENT FAILURE, RUN RUINEE. 
EQUIPMENT FAILURE. ABOUT 26 HOURS 
EXPOSURE NEAR llOO°F. AND ABOUT 20 
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0.4 - 0.6 
0.4 - 0.8 
0.4 - 0.6 
0.4 - 0.6 
0.2 - 0.4 
0.3 - 0.5 
0.1 - 0.6 
0.4 - 0.8 











































Results of X-ray Diff ract ion Analyses of Experimental Wires and Carbonaceous 
Surface Deposits. 
Analysis Number 1. Run Number --. X-ray Specimen: Nickel wire, 
Radiation: Copper (40 Kv, 20 m a ) ,  F i l t e r :  Nickel. X-ray Exposure Tgme: 
3 hou.rs. Type Analysis: Powder Camera. 
d: 2.02 7 1,24 1,06 102 0.88 0,81 0.79 
I: VS S M S W W M M 
Suggested id-entif iable c ry s t a l l i ne  s t ruc ture :  face-centered cubic, a = 3.52 
Possible experimental d i f f r ac t i on  l i n e s  not reported: None. 
Analysis Number 2. Run Number 2. Specimen: CO exposed N i  wire,  
Radiation: Copper (40 KV, 20 m a ) .  F i l t e r :  Nickel. X-ray Exposure T$me: 
6 hours. Type Analysis: Powder Camera. 
d: 2.02 1.76 1.24 1,06 0 00S8 0.81 0.79 
I: VS S M S W W M M 
Suggested i den t i f i ab l e  c ry s t a l l i ne  s t ruc ture :  face centered cubic, a = 3.52 
Possible experimental d i f f r ac t i on  li-nes not reported: None. 
Results of X-ray Diff ract ion Analyses of Experimental Wires and Carbonaceous 
Surface Deposits. (continued) 
Analysss Number 3. Run Number --. X-ray Specimen: Inconel wire. 
Radiation: Copper (40 KV, 20 m a ) .  F i l t e r :  Nickel. X-ray Exposure Time: 
12 hours. Ty-pe Analysis: Powder Camera. 
d: 0 1.78 1.26 1 . G ,  1.03 0.89 0.82 0.80 
I: VS M S S W W M M 
Suggested i den t i f i ab l e  c ry s t a l l i ne  s t ruc ture :  face  centered cubic, a = 3.56 
Possible experimental d i f f r ac t i on  l i n e s  not  reported: None. 
Analysis Number 4, Run Number la. X-ray Specimen: Exposed Inconel wire. 
Radiation: Molybdenum (45 KV, 20 ma).  F i l t e r :  Zirconi.um. X-ray Ex-posure 
Time: 12 hours. Type Analysis: Powder Camera. 
d:  2-04 1.76 1.24 1.07 1.02 0.88 0.81 0.79 0.72 0.68 
I: VS S S S M W M M W W 
Suggested i den t i f i ab l e  c ry s t a l l i ne  s t ruc ture :  face-centered cubic, a = 3.53 
Possible experimental d i f f r ac t i on  l i n e s  not reported: 11. 
Analysis Number 5. Run Number --. Specimen: Type 304 s t e e l .  Radiation: 
Molybdenum (45 KV, 20 m a ) .  F i l t e r :  Zirconium. X-ray Exposure Time : 12 
hours. Type Analysis: Powder Camera. 
d: o 1-79 1.27 1,08 1.04 0.89 0.82 0.81 0.73 0 ~ 6 ~  
I: VS S 3 S M W M W W W 
Suggested i den t i f i ab l e  c ry s t a l l i ne  s t ruc ture :  face  centered cubic, a = 3.58 
Possible experimental d i f f r ac t i on  l i n e s  not reported:  14 ,  
Results of X-ray Diff ract ion Analyses of Experimental Wires and Carbonac'eous 
Surface Deposits. (continued) 
Analysis Number 6, Run Number --. Specimen: Type 304 s t ee l .  Radiation: 
Copper (40 KV, 20 m a ) ,  F i l t e r :  Nickel. Ty-pe Analysis: Diffractometer. 
Scan: 28 = 1-60', 1/2O/rninute. 
d: 2,08 1.80 1.43 1 ,27 1009  0.93 
I/% loo 4o 406 37 19 12 
Suggested i den t i f i ab l e  c ry s t a l l i ne  structu.re : face centered cubic, a = 3.63 
Possible experimental peaks not reported: 10. 
Analysis Number 7. Run Number 12. Specimen: L'O exposed Type 304 s t e e l  
wire. Radiation: Copper (40 KV, 20 ma). F i l t e r :  Nickel. Ty-pe Analysis:: 
Diffractometer, Scan: 28 = 160°, 1/2*/minute 
d: 2.08 1.81 1.44 2 8  1.09 0.94 
I/% l oo  44 11 36 13 13 
Suggested i den t i f i ab l e  c ry s t a l l i ne  s t ruc ture :  face centered cubic, a = 1.64 
Possi'ble experimental peaks not reported : 8, 
Analysis Number 8. Run Number 25, Specimen: Cleaned wire from Run 25. 
Radiation: Chromium (50 KV, 10 m a ) .  F i l t e r :  Vanadic oxide. X-ray 
Exposure Time: 12 hours. Type Analysis: Powder Camera. 
d: 2.08 1.81 1 0 2 8  
I: VS M S 
Suggested i den t i f i ab l e  stru.cture : face  centered cubic, a = 3.61 
number of possfble eqe r imen ta l  l i n e s  not reported: 6. 
Results of X-ray Diffraction Analyses of Experimental Wires and Carbonaceous 
Surface Deposits. (continued) 
Analysis Number 9- Run Number 25. Specimen: Surface deposit. Radiation: 
Molybdenum (45 KV, 20 ma). Filter: Zirconium, X-ray Analysis Type: 
Dfffractometer. Scan: 28 = 60°, l/2°/minute. 
75 loo 28 
Suggested identifiable structure : graphite, face centered cubic, a = 3.56, 
body centered cubic, a. = 2.85. Possible peaks not reported: 11. 
Analysis Number 10. Run Number 24/26. Specimen : Surface deposit. 
Radiation: Molybdenum (45 KV, 20 ma). Filter: Zirconium. Type Analysis: 
Powder Camera. X-ray Exposure Time : 12 hours. 
d: 3.39 2.05 1-79 2 6  1.17 1,08 
I: VS VS S W M J 
Suggested identifiable structure: graphite and face centered cubic, a = 3.57 
Possible experimental diffraction lines not reported: 14. 
Results of X-ray Dfffraction Analyses of Experimental Wires and Carbonaceous 
Surface Deposits. (continued) 
Analysis Number 11, Specimen: Carbonaceous deposit  from an in.dustria1 
* 
corrosion specimen . Radiation: Molybdenum (45 KV, 20 ma),  X-ray Exposure 
Time : 6 hours. F i l , t e r :  Zirconium. Type Analysis : Powder Camera. 
Suggested i den t i f i ab l e  stmcTure:  graphite and face centered cu.bic, a = 3.54 
Possible experimental d i f f r ac t i on  l i n e s  not reported: ? -  
= l a t t i c e  spacing, a. -. i n t ens i t y ,  I/I = se l a t t ve  :in,tensity. 
0 
M = medium. S = strong. V = very. W = weak. 
* 
The specimen i n  Analysis 11 was taken from a p i t  i n  a piece of 
Inconel which had been i n  i ndus t r i a l  service ,  This 1ncon.el specimen i s  
described on page 74, 
A P P E N D I X  D 
T A B L E  D-1 
E X P E R I M E N T A L  R E S U L T S  O N  E X P O S U R E S  O F  I N C O N E L  A N D  C O M M E R C I A L L Y  P U R E  
N I C K E L  T O  C A R B O N  M O N O X I D E ,  F O R  V A R I O U S  T I M E S  
WlRE DIAMETERS: INCONEL - 0.008 INCH, NICKEL - 0.01 INCH. CO RATE: 0.92 - 0.99 (0.96 AVERAGE) CUBIC FEET' PER HOUR. 
* Reactor temperature recorder-controller chart overage to nearest 5O F. 
**Orsot determinations. The determinations must be treated very qualitatively a t  these levels of measurement. 
Gas volumes rneosured at 14.7,p.s.i.o. and 60' F. 
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0.4 - 0.6 
0.2 - 0.3 
0.2 
0.4 - 9.5 
0.4 - 0.5 
0.2 - 0.3 
0.1 - 0.4 
0.0 - 0.2 
0.1 - 0.3 
0.0 - 0.1 

















TYPICAL COMPOSITIONS ANE HISTORIES OF WImS USED FOR EXPERIMEZV'TATION 
Compositions 
Qical compositions of the experimentally studied metals are given in the following 
tabulation. 




Steel Balance 0.06 max. 2.0 max. 1.0 max. 
History 
The Wilbur B. Driver Company s t a t ed  tha t  the  Inconel and n icke l  
wires were drawn from 1/4 inch diarneter hot  ro l l ed  rod which had been 
annealed and pickled,  Drawing was done with about 75 per  cent reduction 
i n  area  per  d r a f t .  Lubricants used i n  the drawing operations were grease, 
o i l ,  o r  soap. Intermedlate annealing was done i n  strand annealing fu r -  
naces. Final  annealing of the wires was done i n  an atmosphere of d l s -  
sociated ammonja. The annealing temperatures were 1750" F. f o r  n icke l  
and 2150' F. @or Inconel, 
The Q-pe 304 s t a in l e s s  s t e e l  wires were drawn from hot ro l l ed  rod 
of 5/16 inch o r  l / 4  fnch diamet,er, These rods had been annealed and 
pickled.  The drawfng was done i n  stages which resul ted i n  about 75 per  
cent r e d ~ c t i o n  of area  per  d r a f t .  Intermediate annealing was done i n  
s t rand annealing furnaces. The f i n a l  annealing was a t  2150" F. i n  an 
atmosphere of dissociated ammonia. 'me s t a in l e s s  s t e e l  wires were bare 
drawn i n  diamond d i e s  when the  diameters were l e s s  than 0,025 fnch. For 
d.lameters g rea te r  than 0.025 inch., the s t a i n l e s s  s t e e l  was hot  dipped i n  
lead f o r  lubr ica t ione  
A l l  wires used i n  the  experimental work were taken from s ingle  
wire spools of each of the three  materials  studfed. These wires were 
donated by the  Wilbur B. Driver Company, Pewark, New Jersey.  This com- 
pany i den t i f i ed  the  mater ia l  by melt numbers. For the  three  spools of 
experimental wires, the melt numbers were : 
Inconel ....................... Melt 436 
Nickel o . . . a o . o o . , . . , . . . . . . . . .  Melt2706 
Type 304 S ta in less  S t ee l  . . , . . . Melt 11987, 
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